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I n t r o d u c t i o n  

The r h e o l o g i c a l  p r o p e r t i e s  o f  c o n c e n t r a t e d  suspensions a r e  i m p o r t a n t  i n  a number o f  
i n d u s t r i e s ,  p a r t i c u l a r l y  p a i n t s  and c o a t i n g s .  The work of Chang e t  a1 ( 1 )  ment ions 
some o f  t he  e a r l y  e x p e r i m e n t a l  work i n  t h i s  area, b u t  t h e o r e t i c a l  work on 
c o n c e n t r a t e d  systems i s  q u i t e  l i m i t e d ( 1 - 5 ) .  
assumption o f  independent p a r t i c l e s  i n t e r a c t i n g  o n l y  with f l u i d  sur round ings  i s  n o t  
v a l i d  under these c o n d i t i o n s ,  and the  coup led  mot ions  o f  p a r t i c l e s  can be t r e a t e d  
o n l y  e m p i r i c a l l y ,  The c u r r e n t  r e s e a r c h  a c t i v i t y  i n  coa l  s l u r r y  f u e l s  has caused a 
renewed i n t e r e s t  i n  t h i s  p rob lem because t h e  r h e o l o g i c a l  p r o p e r t i e s  of these f u e l s  
a re  o f  p r i m a r y  importance. T y p i c a l l y ,  one d e s i r e s  a l i q u i d  f u e l  w i t h  65-70 weight 
percent  s o l i d s ,  v i s c o s i t y  on t h e  o r d e r  o f  103 c e n t i p o i s e ,  and r e s i s t a n c e  t o  
sed imenta t ion  and shear d e g r a d a t i o n .  
o f  d i f f e r e n t  p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  powdered coa l ,  s u r f a c t a n t s  o r  
w e t t i n g  agents,  and water  s o l u b l e  polymers which a c t  as s t a b i l i z e r s .  

However, t h e  wide v a r i e t y  o f  c h o i c e s  f o r  these t h r e e  compounding v a r i a b l e s  makes t h e  
task  o f  f i n d i n g  t h e  o p t i m a l  f o r m u l a t i o n  q u i t e  t e d i o u s  and unsure.  For t h i s  reason 
t h e  work d e s c r i b e d  below was under taken.  
e f f e c t  o f  p a r t i c l e  s i z e  d i s t r i b u t i o n  (PSD) on the  r e s u l t i n g  s l u r r y  v i s c o s i t y  g iven  
t h a t  a l l  o t h e r  v a r i a b l e s ,  i . e . ,  t h e  a d d i t i v e  package, remain f i x e d .  Comparison o f  
t h e o r e t i c a l  p r e d i c t i o n s  o f  r e l a t i v e  v i s c o s i t i e s  o f  s l u r r i e s  w i t h  d i f f e r e n t  PSD w i t h  
exper imenta l  r e s u l t s  show t h a t  t h e  t h e o r y  can be u s e f u l  i n  o p t i m i z i n g  t h e  PSD. 

The reason f o r  t h i s  i s  c l e a r - - t h e  

These p r o p e r t i e s  can be man ipu la ted  by the use 

i t  r e p r e s e n t s  an a t tempt  t o  i s o l a t e  the  

Theory 

There a re  two s t e p s  i n  t h e  development o f  a model f o r  p r e d i c t i n g  r e l a t i v e  v i s c o s i t y  
f o r  p a r t i c l e  s i z e  d i s t r i b u t i o n .  
e f f i c i e n c y  (volume f r a c t i o n )  OP p o s s i b l e  f o r  a g i v e n  PSD. 
v i s c o s i t y  o f  a s l u r r y  a t  r e a l i s t i c  shear r a t e s  i s  assumed t o  be i n f i n i t e ,  s ince  i t  
r e p r e s e n t s  a random dense p a c k i n g .  Another way o f  v i e w i n g  t h i s  l i m i t  i s  t o  cons ie r  
t h e  f l o w  o f  a s l u r r y  as m o t i o n  o f  t h e  l a r g e r  p a r t i c l e s  over  one another as be ing  
" l u b r i c a t e d "  by  the  m o t i o n  o f  t h e  s m a l l e r  p a r t i c l e s  i n  t h e  i n t e r s t i c e s .  
no mot ion  o f  t h e s e  s m a l l e r  p a r t i c l e s  i s  p o s s i b l e  and hence t h e  v i s c o s i t y  becomes 
v e r y  h igh .  
as t h e  a c t u a l  p a r t i c l e  l o a d i n g  0 approaches t h e  v a l u e  0,. The second s t e p  o f  
t h e  model i s  t o  q u a n t i f y  t h i s  b e h a v i o r .  

I n  o rder  t o  c a l c u l a t e  0, f o r  a g i v e n  PSD t h e  method o f  Lee ( 7 )  has been used. A 
b r i e f  d e s c r i p t i o n  of t h i s  p rocedure  w i l l  be g i v e n  here, b u t  f o r  a d e t a i l e d  d i s -  
c u s s i o n  t h e  r e a d e r  i s  r e f e r r e d  t o  t h e  o r i g i n a l  work. Consider a b i n a r y  PSD, t h a t  i s  
one which c o n s i s t s  o f  o n l y  two s i z e s  o f  s p h e r i c a l  p a r t i c l e s ,  and ask how t h e  maximum 
pack ing  f r a c t i o n  can be de termined.  One procedure i s  t o  fill a volume w i t h  the  
dense random packed l a r g e r  spheres g i v i n g  a p a c k i n g  f r a c t i o n  om ax,^ and then 
f i l l i n g  t h e  r e m a i n i n g  volume w i t h  t h e  s m a l l e r  spheres.  
i s  

The f i r s t  i s  t o  compute t h e  maximum pack ing  
A t  t h i s  l o a d i n g  the  

A t  IP 

Thus i t  i s  expec ted  t h a t  t h e  v i s c o s i t y  o f  a s l u r r y  w i l l  i n c r e a s e  r a p i d l y  

The f i n a l  pack ing  f r a c t i o n  
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h a x  = om ax,^ + (l-flmax,L)-0max,S 

I t  i s  assumed t h a t  om ax,^ = . h a x , s ,  t h a t  i s  t h a t  monodisperse spheres 
a l l  pack w i t h  t h e  same e f f i c i e n c y  i n  dense random pack ings .  
determined by  exper iment  t o  be .639. The compos i t i on  o f  t h i s  m i x t u r e  i s  
xmax,L = Omax  omax ax = ,735. 
t h e  above i s  t h a t  t h e  l a r g e  and smal l  p a r t i c l e s  a r e  s u f f i c i e n t l y  d i f f e r e n t  i n  
d iameter  (DL/Ds > 100) t h a t  t h e  i n t e r s t i t i a l  volumes between t h e  l a r g e  spheres 
Can be Summed and t r e a t e d  as a b u l k  v o i d  f o r  purposes o f  pack ing  t h e  s m a l l e r  
spheres. The exper imen ta l  work o f  McGeary ( E )  i s  used t o  de te rm ine  the  Omax 
f o r  d iameter  r a t i o s  1 < DL/Ds < 20. 
f o r  b i n a r y  m i x t u r e s  o f  a r b i t r a T y  s i z e d  spheres. 
t h e  pack ing  f r a c t i o n  0 Lee 
has g i v e n  an a n a l y t i c a y  p rocedure  f o r  d o i n g  t h i s  under  t h e  assumption t h a t  t h e  
Xmax,L i s  independent o f  t he  d iameter  r a t i o  o f  t h e  spheres. 
assumption i s  based on the  premise t h a t  any o p t i m a l  pack ing  w i l l  c o n t a i n  a dense, 
random pack ing o f  t he  largest .  spheres i n  t h e  system, which i s  t hen  f i l l e d  i n  w i t h  
any a v a i l a b l e  s m a l l e r  spheres. 
pack ing  arrangement w i t h  t h e  maximum number o f  i n s c r i b e d  s m a l l e r  spheres w i l l  
p roduce a l e s s  e f f i c i e n t  pack ing.  F i n a l l y ,  Lee has g i v e n  an a l g o r i t h m  f o r  comput ing 

s p h e r i c a l  p a r t i c l e s .  
i s  g i v e n  below. 

The v a l u e  ass igned i s  

An assumption which i s  i m p l i c i t  i n  

Thus f a r  t h i s  process g i v e s  the.0max 
The n e x t  e x t e n s i o n  1s t o  compute 

f o r  b i n a r y  m i x t u r e s  w i t h  a s p e c i f i e d  compos i t i on .  

T h i s  reasonable 

, 

I t h e  pack ing  f r a c t i o n  0 f o r  m i x t u r e s  which c o n t a i n  an a r b i t r a r y  d i s t r i b u t i o n  o f  

C l e a r l y  t h e  rep lacement  o f  a l a r g e  sphere i n  such a 

?he a lgo r i t hm,  which i s  based on a geomet r i ca l  c o n s t r u c t i o n ,  

N N 

l = I  x j  
j = i  

where B i i  = .639 
0;; = .639 + (0ma,(Di/Dj)-.639)/.265 
0 j  i .639 + (0yax(  D i / D j )  - .639)/.  735 
D i / D ;  > 1 o r  i>.i X i .  =JvElume f r x i t i o n  o f  p a r t i c l e s  o f  d iamete r  D .  
N = number o f  d i s c r e t e  d iamete rs  p r e s e n t  i n  m i x t u r e  
0max(Di /Dj )  = maximum pack ing  f r a c t i o n  o f  b i n a r y  m i x t u r e  

c o n s i s t i n g  o f  spheres o f  d iamete r  D i  and D j .  

The s e t  o f  (0,) va lues  has N members and t h e  s m a l l e s t  one i s  chosen as t h e  
pack ing  f r a c t i o n  0 The a l g o r i t h m  i s  n o t  e a s i l y  unders tood  by  i n s p e c t i o n  
because i t  i s  g rapR ica l  i n  na tu re ,  b u t  i s  developed i n  a s t r a i g h t f o r w a r d  way i n  
Reference 7. 
s i m p l y  per forms a p a r t i c l e  s i z e  ana lys i s ,  d i s c r e t i z e s  t h e  d i s t r i b u t i o n  i n t o  N b i n s ,  
and then  computes 0p. 

In o r d e r  t o  use t h i s  techn ique  t o  p r e d i c t  0, f o r  a c o a l  g r i n d ,  one 

There a re  seve ra l  equa t ions  a v a i l a b l e  f o r  o b t a i n i n g  t h e  r e l a t i v e  v i s c o s i t y  o f  
concen t ra ted  s l u r r i e s  from a knowledge of t h e  pack ing  f r a c t i o n  0, and the  a c t u a l  
volume f r a c t i o n  s o l i d s  0. The Mooney e q u a t i o n  ( 9 )  

7) =q0 exp[2.50/1-0/0p] 

expresses t h e  hydrodynamic v i s c o s i t y  o f  t h e  suspension i n  t h e  l i m i t  o f  h i g h  shear 
r a t e ,  r e l a t i v e  t o  t h e  v i s c o s i t y  of t h e  pu re  suspending medium 
i s  v a l i d  i n  t h e  range where @3@, and where t h e  double l a y e r  Z g c k n e s s  
su r round ing  p a r t i c l e s  i n  aqueous s o l u t i o n  i s  sma l l  compared t o  t h e  p a r t i c l e  
d iamete r .  Both o f  t hese  c r i t e r i a  are s a t i s f i e d  b y  t h e  c o a l  s l u r r i e s  desc r ibed  here,  

Th is  exp ress ion  
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However, t h e  j u s t i f i c a t i o n  f o r  t h i s  fo rm i s  c l e a r  o n l y  f o r  monodisperse o r  s l i g h t l y  
p o l y d i s p e r s e  systems. An a l t e r n a t i v e  i s  t h e  e m p i r i c a l  e q u a t i o n  (1, lO) 

n 

which has been success fu l  i n  d e s c r i b i n g  r e s u l t s  o b t a i n e d  w i t h  suspensions o f  g lass  
beads i n  p o l y i s o b u t y l e n e .  

Exper iments 

The t h e o r y  p resen ted  above has been used i n  two d i f f e r e n t  ways t o  p r e d i c t  t he  v i s -  
c o s i t y  o f  c o a l  water  s l u r r i e s ,  One a p p l i c a t i o n  i n v o l v e d  m i x i n g  a f i n e  g r i n d  o f  coal 
w i t h  a coa rse  g r i n d  i n  v a r y i n g  p r o p o r t i o n s  t o  produce bimodal p a r t i c l e  s i z e  d i s t r i -  
b u t i o n s .  I t  was found by  exper imen t  t h a t  t h e r e  always e x i s t e d  an optimum b lend ing  
p r o p o r t i o n  which produced a s l u r r y  o f  minimum v i s c o s i t y  ( w i t h  the  a d d i t i v e  package 
rema in ing  f i x e d ) ,  
t h i s  optimum b lend  g i v e n  t h e  PSD f o r  t h e  two s t a r t i n g  g r i n d s  and the  t o t a l  weight 
f r a c t i o n  o f  c o a l  t o  be used. The p rocedure  was s i m p l y  t o  compute t h e  pack ing  
f r a c t i o n  0, u s i n g  t h e  above a lgo r i t hm,  c o n v e r t  t h e  we igh t  f r a c t i o n  c o a l  t o  a 
volume f r a c t i o n  0 i n  t h e  s l u r r y ,  and use e q u a t i o n  ( I )  o r  ( 2 )  t o  eva lua te  the  
r e l a t i v e  v i s c o s i t y ? / ? . ,  The va!ue o f ?  was then  s e l e c t e d  t o  s c a l e  the d a t a  a t  
one p o i n t  ( u s u a l l y  h minimum v i s c o s i t  , The r e s u l t s  o f  t h i s  procedure a re  shown 
i n  F igu res  1 and 2. The d a t a  i n  t h e  former u t i l i z e d  two d i f f e r e n t  g r i n d s  o f  t he  
same c o a l  which had median d iamete rs  o f  5 1  and 3 5 p .  A l though the  v i s c o s i t i e s  are 
n o t  p r e d i c t e d  q u a n t i t a t i v e l y ,  t h e  shapes of t h e  cu rves  are s i m i l a r  and t h e  l o c a t i o n  
o f  the minimum i s  g i v e n  c o r r e c t l y .  I n  F i g u r e  2 the  d a t a  was ob ta ined  f rom mix tu res  
o f  two d i f f e r e n t  c o a l s  with median s i z e s  1 5 1 1  and 40  p .  
s i t i o n  g i v i n g  t h e  minimum v i s c o s i t y  i s  g i v e n  c o r r e c t l y .  Both o f  these coa l  s l u r r i e s  
were 65% c o a l  b y  we igh t .  A l s o  e q u a t i o n  ( 2 )  was used t o  compute the  t h e o r y  p o i n t s  i n  
b o t h  cases b u t  e q u a t i o n  ( 1 )  was e q u a l l y  s u i t a b l e ,  t h e  d i f f e r e n c e  be ing  i n  the  width 
o f  the cu rves  r a t h e r  than  i n  the  l o c a t i o n  o f  t h e  minima. 

A second a p p l i c a t i o n  was t o  p r e d i c t  t h e  change i n  v i s c o s i t y  w i t h  c o a l  l o a d i n g  i n  
c o a l  water  s l u r r i e s .  
f e r e n t  g r i n d i n g  c o n d i t i o n s  which r e s u l t e d  i n  d i f f e r e n t  s i z e  d i s t r i b u t i o n s ,  A and 6. 
The volume median ( o r  e q u i v a l e n t l y ,  we igh t )  s i z e s  were 5 0 p  and 2 5 1 1 ,  r e s p e c t i v e l y .  
The 0, co r respond ing  t o  each o f  t hese  P S D ' s  were computed, and t h e o r e t i c a l  
cu rves  drawn u s i n g  e q u a t i o n  ( 2 )  w i t h  0 b e i n g  t h e  independent  v a r i a b l e .  
t h e  x a x i s  i n  t h e  f i g u r e  i s  t h e  more f a m i l i a r  we igh t  pe rcen t  coa l  w h i l e  the  0, 
i n  e q u a t i o n  ( 2 )  i s  t h e  volume f r a c t i o n  c o a l  ( c o n v e r s i o n  was made assuming a coa l  
d e n s i t y  of 1.34 g/cm3). 
b u t  s u b s t a n t i a l l y  l e s s  so when e q u a t i o n  ( I )  i s  used. 

Conc lus ion  

The e f f e c t  o f  c o a l  p a r t i c l e  s i z e  d i s t r i b u t i o n  on t h e  v i s c o s i t y  o f  c o a l  water  
s l u r r i e s  has been analyzed u s i n g  a p a r t i c l e  p a c k i n g  model due t o  Lee i n  c o n j u n c t i o n  
w i t h  an e m p i r i c a l  r e l a t i o n s h i p  between pack ing  e f f i c i e n c y  and v i s c o s i t y .  
t echn ique  i s  a b l e  t o  p r e d i c t  t h e  optimum PSD when one degree o f  freedom i s  present, 
such as t h e  b l e n d i n g  r a t i o  between a coarse and a f i n e  g r i n d  o f  c o a l .  
p resen ted  he re  i 1 l u s t r a t e  t h i s  f o r  t h e  cases where t h e  two g r i n d s  a re  t h e  same Coal 
and where t h e y  are d i f f e r e n t  c o a l s .  I n  a d d i t i o n  d a t a  has been presented which shows 
t h a t  one can p r e d i c t  t h e  behav io r  o f  v i s c o s i t y  v s .  c o a l  l o a d i n g  cu rves  as t h e  PSD of 
t h e  c o a l  i s  va r ied .  Bo th  o f  t hese  achievements are q u i t e  u s e f u l  i n  the  development 
o f  Coal water  s l u r r y  f o r m u l a t i o n s  i n  t h a t  t h e y  a l l o w  t h e  va lue  o f  s p e c i f i c  c o a l  

The t h e o r y  was t e s t e d  t o  see i f  i t  c o u l d  s u c c e s s f u l l y  p r e d i c t  

Again the  b lend  compo- 

F i g u r e s  3 shows v i s c o s i t y  d a t a  f o r  a c o a l  sub jec ted  t o  d i f -  

Note t h a t  

The t h e o r y  i s  q u i t e  success fu l  i n  f i t t i n g  these r e s u l t s ,  

The 

The r e s u l t s  
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g r i n d s  t o  be assessed w i t h o u t  e x t e n s i v e  s l u r r y  p r e p a r a t i o n  and measurement. 
method can a l s o  be used t o  assess t h e  r e l a t i v e  m e r i t s  of unimodal and b imodal  s i z e  
d i s t r i b u t i o n s .  
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I n t r o d u c t i o n  

Coal p r e p a r a t i o n  as  d e s c r i b e d  i n  "days  gone-by" f u n c t i o n e d  around 
t h e  one word - "TIPPLE". T h i s  word, t i p p l e ,  i s  r a p i d l y  l o s i n g  i t s  
i d e n t i f i c a t i o n  w i t h i n  t h e  coal  i n d u s t r y  e x c e p t  f o r  t h o s e  w e  admire  so  
much who have  d e v o t e d  t h e i r  e n t i r e  i n d u s t r i a l  l i f e  t o  t h i s  c o a l  i n -  
d u s t r y .  N o w ,  t h r o u g h  t h e  modern c o a l  i n d u s t r y ,  w e  h e a r  s u c h  t e r m s  as  
coal  washing ,  coal p r e p a r a t i o n ,  c o a l  c l e a n i n g ,  coal b e n e f i c i a t i o n ,  
which a l s o  i n  t h e m s e l v e s  create c o n f u s i o n  a b o u t  what is meant .  

A s  you d r i v e  a l o n g  t h e  Appa lach ian  r o a d s  t o d a y ,  r emnan t s  o f  t h e  
t i p p l e s  o f  "days  gone-by" c a n  be  s e e n .  Long c h u t e s  c a n  be  s e e n  coming 
down t h e  m o u n t a i n s i d e  t o  t h e  l o a d i n g  t r u c k  ramps. These  wooden s t r u c -  
t u r e s  remind  u s  o f  t h e  t e c h n o l o g y  o f  t h a t  day  and t h e y  are  now l e f t  
o n l y  t o  t h e  i m a g i n a t i o n  o f  t h e  a r t i s t  t o  d e s c r i b e  t h o s e  d a y s .  

Today ' s  c o a l  p r e p a r a t i o n  f a c i l i t y  l o o k s  more l i k e  a mass ive  i n -  
d u s t r i a l  complex w i t h  l o n g  b e l t  l i n e s  coming i n  and o u t  of a p r e p a r a -  
t i o n  f a c i l i t y  and  a n c i l l a r y  f a c i l i t i e s  such  a s  d e w a t e r i n g  and r e f u s e  
h a n d l i n g  s y s t e m s .  An a e r i a l  v i ew o f  one of o u r  p r e p a r a t i o n  p l a n t s  i s  
shown i n  F i g u r e  1 .  T h i s  p l a n t ,  l o c a t e d  a t  one of o u r  o p e r a t i o n s  n e a r  
Grundy, V i r g i n i a ,  p r o c e s s e s  i n  e x c e s s  o f  700  TPH of  f e e d  coal i n  b o t h  
coarse and f i n d  coal  c l e a n i n g  c i r c u i t s .  I t  i s  t r u e  t h a t  t h e  coal  i n -  
d u s t r y  i s  now d i r e c t e d  more by  t h e  c h a r a c t e r i s t i c s  and q u a l i t y  of coal 
t h a n  i f  it were j u s t  a b l a c k  v e r s u s  g r a y  color used  y e a r s  ago .  Even i n  
a few y e a r s  from now, t h i s  p r e p a r a t i o n  p l a n t  w i l l  be  o b s o l e t e .  One 
w i l l  s e e  a complex which  l o o k s  s i m i l a r  t o  an  o i l  r e f i n e r y .  V a r i o u s  
g r a d e s  of coal  p r o d u c t s  w i l l  be produced  and t a n k  cars w i l l  b e  used  t o  
c a r r y  t h e  l i q u i d  coal p r o d u c t  away f rom t h e  p l a n t .  The coal i n d u s t r y  
i s  becoming more conce rned  w i t h  t h e  n e e d s  o f  t h e  cus tomer  t h a n  e v e r  be- 
f o r e .  O i l  h a s  r e p l a c e d  coal  i n  many m a r k e t s  because  it i s  a l i q u i d  
t h a t  c a n  be pumped, s t o r e d  and bu rned  much e a s i e r  and c l e a n e r  t h a n  
coal.  With t h e  deve lopment  o f  new t e c h n o l o g y  t o  c o n v e r t  coal i n t o  a 
l i q u i d  f u e l  form t h r o u g h  coa l -o i l  mix ing ,  coal-water mix ing  and even  
w i t h  some new t e c h n o l o g y  s t i l l  on  t h e  h o r i z o n ,  c o a l  c a n  b e  p l a c e d  i n t o  
a c o n v e r t e d  l i q u i d  form s i m i l a r  t o  o i l .  However, one ma jo r  t echno logy  
gap  remains  and  t h a t  i s  t h e  need  t o  remove t h e  non-carbon p r o d u c t s  o f  
a s h  and  s u l f u r  from t h e  c o a l  t o  a l eve l  e q u i v i l e n t  t o  t h a t  r e q u i r e d  
f o r  bu rn ing  o i l .  NOW I d i d  n o t  s a y  t h e  same a s h  and  s u l f u r  l e v e l s  
must b e  a c h i e v e d .  N o ,  one  must l o o k  a t  t h e  b u r n i n g ,  o f f - g a s  s y s t e m s ,  
and r e g u l a t i o n s  and t h e n  d e c i d e  what t h e  a s h  and s u l f u r  l e v e l s  of any  
l i q u i d  c o a l  p r o d u c t  must b e .  

Coal P r e p a r a t i o n  & Impact  on  U t i l i z a t i o n  

The s t e e l  i n d u s t r y  h a s  g e n e r a l l y  b e n e f i t t e d  f rom coal  p r e p a r a -  
t i o n  f r o m  p r o d u c t i o n  o f  m e t a l l u r g i c a l  g r a d e  coal  w i t h  d e s i r a b l e  c o k i n g  
coal th rough  optimum b l e n d i n g  o f  seams of c o a l s  and r educed  a s h ,  s u l -  
f u r ,  and m o i s t u r e  of coal.  Today, almost 100% of m e t a l l u r g i c a l  coal  
i s  p r o c e s s e d  i n  p r e p a r a t i o n  p l a n t s .  Whereas, less t h a n  2 5 %  o f  t h e  
coal burned  by i n d u s t r y  f o r  u t i l - i t y  g e n e r a t i o n  i s  c l e a n e d  b e f o r e  com- 
b u s t i o n .  
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What coal preparation can do. 

- Reduce ash - and sulfur oxide - forming 
components from coal before combustion. 

- Produce consistent quality fuel. 

- Upgrade the heat value of fuel. 

- Optimize the size consist of fuel. 

- Produce multigrade fuel with varied levels 
of ash, sulfur, and heat content. 

The coal producer benefits from the coal preparation through pro- 
duction of improved and premium fuel with broad market acceptability. 
With our recent emphasis to utilize the low ash and low sulfur coal, 
the premium quality coal in the ground is depleting. Coal preparation 
is the only technology available to producers to increase the utiliza- 
tion of low-grade coals. The continuous mining operations are produc- 
ing more fine size and higher ash coal which can only be upgraded 
through proper coal preparation. However, dewatering of the fine size 
coal is still problematic which not only affects the fuel value but 
also is a major problem in handling and transportation due to freezing 

7 in winter months. 

Coal users for industrial applications have been motivated in the 
past primarily by the lowest price coal. Not until the last decade 
have many of the more modern utility companies started to appreciate 
that just because coal is black does not mean it is all the same. To 
.date, compliance of air quality standards has been the prime incentive 

the utilities, Electric Power Research Institute and the U. S. Depart- 
ment of Energy have shown the benefits of coal preparation on overall 
systems and significant reduction on the cost of electricity produc- 

' 

, for using beneficiated coal. However, a number of recent s t u d i e s  by 

\ tion. (1,2,3,4,5) 

These benefits include: 

- Reduced transportation cost through more 
Btu per ton. 

- Improved boiler efficiency and boiler avail- 
ability due to consistent and high quality 
fuel. 

- Reduced operating costs of pulverization, 
ash-handling systems, flue-gas clean-up, 
and ash-disposal systems. 

- Reduced capital cost of boiler and flue 
gas clean-up equipment. 

The American Electric Power Company has been one of the prime ad- 
vocates of benefits of coal preparation of utility application. Mr. 
Gerald Blackmore, the Vice President Of AEP, has spent almost his en- 
tire life in the coal industry and advocating the benefits of coal 
preparation. He has been referred to many times as the "Patron Saint 
of Coal Washing". To prove his point, he points out that AEP's 
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average price to all its customers in 1 9 7 9  was 2.86 cents against an 
estimated national average of 3.94 cents.(6) 

Benefits of Coal Cleaning Upon Performance of Coal-Water Mixtures 

One of the major problems that has hampered coal utilization for 
industrial use is the materials handling problems associated with 
bulky coal. With the advent of new technologies associated with coal- 
oil, coal-water, and coal-methanol mixtures, it is becoming possible 
to put coal into a liquid form where it can be stored in tankers, 
shipped by pipeline and fed into boilers without the manual labor as- 
sociated with coal handling as it is today. 

This type of developing market encourages coal preparation of 
fine size coal and mixing of the coal into a stabilized solution even 
at the preparation plant and shipped directly to boilers through pipe- 
line and fed into boilers without even being touched. 

If this market does develop, as it is expected to do, the utili- 
ties then will be able to replace oil with liquid coal as well as 
develop new boilers designed specifically for this liquid coal form. 
However, much of the development depends upon cleaning the coal to 
very low ash and sulfur levels. United Coal has been pursuing this de- 
velopment for the past several years. In fact, UCC has now developed 
and optimized a commercial coal preparation plant to produce up to 300 
TPH of 2 %  ash coal. Currently, no customers are beating our door down 
for this super-clean coal primarily because the market for replacing 
oil with a liquid coal has not developed. The prime purpose of de- 
veloping this super-clean coal is to optimize the coal feed to make a 
premium coal-water mixture fuel for testing purposes. 

To date, United Coal Company has produced 300 t o n s  of this super- 
clean coal in our commercial plant to optimize our processing condi- 
tions, establish economics of the process and prepare test samples for 
combustion tests by various organizations. A preliminary report on the 
Department of Energy's tests on our coals is given below. A compre- 
hensive detailed report on these tests is currently under preparation 
at DOE. 

Coal-Water Combustion Tests on Beneficiated Coal 

The Department of Energy has conducted several combustion tests on 
coal-water mixture fuel prepared with beneficiated coals. These tests 
were conducted at DOE'S Pittsburgh Energy Technology Center 700 HP com- 
bustion test facility. United Coal Company supplied the beneficiated 
coals from their commercial process and advanced beneficiation process. 

The primary purpose of the tests was to evaluate the particulate 
emissions and furnace ash deposits as a function of ash content in the 
coal. The Department of Energy's combustion test conditions were set 
at excess air of 1 5  weight % ,  combustion air temperature of 5OO0C, 
with a steam output of about 24,000 lbs/hr. Significant test results 
are listed in Table I. 
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TABLE I. TEST RESULTS OF DOE COMBUSTION TESTS 
ON COAL-WATER MIXTURE WITH BENEFICIATED COALS 

Carbon 
Particulate Furnace Ash Conversion 

Coal Type A S  Emission, lb/hr Deposit, lb/hr Efficiency 

. UCC Commercial Coal - 8  120 8 . 9  97.5 

UCC Super-clean Coal ~2 7 9  2 . 3  9 7 . 4  

These test results show that even though the carbon conversion ef- 
ficiency remains about the same, there is significant decrease in par- 
ticulate emissions and furnace ash deposits. The composition of fur- 
nace ash deposits from the low-ash coal was primarily aluminum silicate 
and is highly friable and non-sticky and thus can be blown off with 
blower action. 

These results indicate that by cleaning the coals to low levels 
of ash, the most serious problem of furnace ash deposits can be solved 
thus making coal-water mixture fuel compatible with boilers designed 
for firing low-ash fuel oil. 

J 

1 

\ 
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Coal aqueous mixtures can be prepared by simply 

mixing pulverized coal with water. Table 1 shows the formulation for 

such a slurry and compares it to one for a modern slurry. 

Simple Slurry Versus Modern Slurry 

A visual inspection of slurries made with these formulations 

would show them to be quite similar. Both would appear to be black 

fluids wi th  comparable viscosities. A closer examination would reveal 

that the simple slurry had a considerable degree of settling while the 

modern slurry was uniform. 

slurries is their concentration of coal. 

Another difference between the two 

\ Table 1 shows that the simple slurry contains 518.5 

pounds of coal per hundred gallons and that the modern slurry has 

725.9 pounds. 

and modern slurry 70% coal. 

of the ingredients in  these slurries shows that simple slurry contains 

about 45% coal and 55% water. 

see that the volume of coal is considerably greater than that of the 

water; 62.6% coal, 36.9% water. 

achieved in part with the use of additives. 

total only 0.5% of the weight of the slurry in some cases, not only 

allows a greater concentration of coal to be incorporated into the 

mixture; but they also disperse the particles, keep them apart and 

Expressed another way, simple slurry contains 53% coal 

A comparison of the volume relationships 

In the modern slurry formulation we 

This higher ratio of coal to water is 

These additives, which can 
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1 

suspended in the medium, and provide the type of flow properties 

necessary to pump and atomize this fuel. 
I 

What are these additives, and how did they come to 

be used in preparing coal aqueous mixtures? 

primarily surface active compounds. 

sciences of colloid and surface chemistry, and of rheology. 

The additives are 

The technology is guided by the 

Preparing Coal Aqueous Mixtures 

The first challenge in preparing coal aqueous slurry is 

to disperse the coal particles into the medium. 

ground into a powder, the coal particles can adhere to each, other in 

aggregates. A dispersion of the particles must be  accomplished. The 

process involves separating t h e  particles in an aggregate until they are 

dispersed. 

as now viewed. 

has various degrees of air and moisture on the surface of the particles 

and in the spaces between them. 

break up these aggregates, by replacing the air with water. The separated 

particles are shown as "wetted." They are covered with a layer of 

water, that has displaced the air. 

active agents and protective colloids on their surface. Coal w i l l  occupy 

less space when it is wetted by a liquid, than when it is mixed with 

air and moisture. 

demonstrated by weighing the amount of powdered coal that can fit 

into a gallon container. 

know from our examination of a modern slurry formulation that it 

contains over 7.25 pounds of coal per gallon, and still has room in the 

When coal has been 

Figure 1 shows different aspects of wetting and dispersion, 

The cluster of coal particles shown as "aggregatedI1 

Work and surfactants are used to 

They also contain adsorbed surface 

The volume of air displaced is considerable, it 

This is generally about 4 pounds. Yet we 
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container for over 3 pounds of water. 

, 

\ 

I t  is believed that after the coal particles are wetted- 

out, they disperse uniformly throughout the medium into individual 

pieces shown as "dispersed.I1 

particles in the suspension are separated sufficiently for the repulsive 

force to exceed the attractive force(1). If the attractive force is 

stronger, the particles are believed to re-combine as  flocculates. 

cluster shown as 

that the surface of the particles and the space between them contain 

water rather than air. 

Nevertheless, they act as if they are single large particles, and tend 

to settle more rapidly. 

The dispersed state is achieved if the 

The 

differs from the aggregated cluster in 

As a result they are easier to redisperse. 

The Interaction Forces Between Particles 

There are three major types of interaction forces 

between colloidal particles: 

forces (DLVO), 3. Solvation, adsorbed layers(2). 

forces is shown graphically in Table 2. 

1. London - van der Walls, 2. Coulombic 

The effect of these 

London - van der Waals forces are due to the influence 

of the dipoles within the particles acting on each other. 

attractive forces which are electromagnetic in nature. 

to assign a negative value to an attraction potential and a positive 

value to a repulsion potential. 

They are 

It is conventional 

Coulombic forces may be either attractive or repulsive, 

but are almost always repulsive when dealing with coal particles dispersed 
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/ 
in water. They are electrostatic in nature and arise from the unequal 

distribution of ions in solution around the particle and at  its surface. 

This unequal distribution causes one side of the interface to acquire a 

net charge of a particular sign and the other side t o  acquire a net 

charge of the opposite sign, giving rise to a potential across the interface 

and the so-called electrical double layer(3). 

can depend upon the degree of electrostatic repulsion. 

which is related to t h e  thickness of the electrical double layer. 

I <  
I The stability of a dispersion 

The degree of 

The interplay of the electromagnetic and electrostatic 

forces forms the substance of the DLVO theory, which deals in a 

fundamental manner wi th  the kinetics of flocculation and the stabilization 

of particle dispersions. Although the DLVO theory is very useful in  J 

predicting the effect of ionic surfactants as electrical barriers to 

flocculation, other factors m u s t  be considered to explain the effect of 

surfactants on dispersion stability. 

Surfactants that are polymers or that have long polyoxyethy- 
~ 

lene chains may form non-electrical barriers to flocculation in aqueous 

media. An adsorbed layer of non-ionic surfactant on the surface of a 

particle can provide a steric hindrance to close particle approach by 

interposing a mechanical barrier. 

between the surfaces is increased by twice the thickness of the adsorbed 

layer. 

large that interaction of the adsorbed layers occurs, there is a decrease 

in the entropy of the system. 

introduced by Mackor and van der Waals in reference to the loss of 

movement in the tails of the adsorbed molecules when two adsorbed 

layers interpenetrate(4). 

When particles collide, the distance 

When the attractive force a t  this distance is still sufficiently 

The term llentropic repulsion" was 
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Properties of Coal 

The water requirement of coal aqueous mixtures is a 

function of the properties of the constituents in the slurry. 

the coal, the water, and the additives. 

properties of the coal have a major influence on the amount of water 

needed to achieve a slurry with desired flow characteristics. 

a heterogeneous substance that is a mixture of combustible metamorphosed 

plant remains that vary in physical and chemical composition(5). 

These are 

The chemical and physical 

Coal is 

Coal may be classified by rank according to fixed 

carbon content and heating values. 

correlate with higher BTU values that designate the coals that usually 

make better fuels. 

Higher carbon content generally 

I 

Coals with higher volatile matter improve the 

combustion properties of aqueous slurries. 

Coals also differ considerably in physical structure. 

The structure of coal can be so intricate and extensive as to make 

them something like a solid sponge(6). 
1 

The mineral matter and sulfur content of coal show 

Of course, coals that are low in these materials large variations. 

produce slurries that are lower in pollutants and cause less ash deposits 

in furnace. Another way to make slurries that are low in pollutants 

and less prone to furnace fouling, is to beneficiate the coal prior to 

its incorporation into slurry. 

that remove a substantial part of the ash content of a coal and lower 

its sulfur concentration. This can now be accomplished at  very high 

rates of recovery and excellent slurries are being prepared with this 

beneficiated coal. 

Beneficiation processes have been developed 
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Coal Size Consist 

Another property of coal to be studied that may influence 

its water requirement in aqueous mixtures is size consist. 

coarse size consist has a relatively small surface area per unit weight 

and requires less water to coat the coal particles. 

lower amount of water is needed to fluidize the particles, and slurry of 

higher solids content can be produced. 

has a relatively large surface area per uni t  weight which requires more 

water to coat the coal particles. However, the finer particles may fit 

into the interstices between t h e  larger particles thereby reducing the 

void volume. 

Coal with a 

Consequently, a 

Coal with a fine size consist 

. f, 

Predictions of t h e  packing patterns of coal particles are 

complicated by many factors among which are size, size distribution, 

and particle shape. 

representing the size distribution of powdered c ~ a l ( ~ ) . ~ ~ ~ ~  

well as empirical methods, have been employed to determine coal size 

consists that have the lowest water requirement. 

particle size distribution likely to give the lowest water requirement 

would include sizes that might be too large for good combustion and 

suspension properties, and the procedures needed to produce this type of 

size distribution would be expensive. Certainly, economic considerations 

as well as fuel properties are influential in determining the size consist 

of coal to be used in aqueous slurry. 

The Rosin-Rammler relationship was developed for 

as 
7 

However, the type of 
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Slurry Formulation 

Coal aqueous mixtures have been prepared containing 

Coal, water, a nonionic surfactant, and also defoaming agents, gums and 

salts. Nonionic surfactants containing polyoxyethylene can be used I t  is 

believed that they  lower the surface tension of t h e  water, keep the 

coal particle from flocculating, promote suspension, and provide good 

flow properties. 

mixtures, nonionics can be employed at  concentrations of less than 

0.4%. 

\ 
While playing a major role in producing coal aqueous 

\ 

Anti-foam agents can be used to lower the amount of 

foam in the slurry. 

used to increase the viscosity of the medium. The quality of the water 

can also influence the stability of the slurry and its solid concentration. 

Water can contain soluble minerals which become electrolytes in the 

slurry, that can have an effect on the electrical balance of the system. 

Slurries stabilized with non-ionic surfactants are less susceptible to 

their influence. 

Also, gums such as water soluble resins can be 

1 

NonIonic Surfactants 

Some nonionic surfactants that contain long chains of poly- 

oxyethylene are shown in Figure 2. 

having an ethylene diamine backbone, which is a block polymer containing 

chains of propylene oxide and ethylene oxide of various lengths. Another 

compound of this type containing chains of propylene oxide and ethylene 

oxide is shown in Figure 2b. 

base. 

ethylene oxide attached to a nonylphenoxy group. 

oxide. 29 

Figure 2a shows a surfactant 

This surfactant has a propylene glycol 

The formula shown in Figure 2c contains a single chain of 

It has no propylene 



Each of t h e  formulas  shown in Figure 2 represent  a different  
I 

series. 

other  primarily by t h e  length of t h e  ethylene oxide chain. 

o f  e thylene oxide on these  molecules range from 4 t o  over  300. 

The  individual sur fac tan ts  in each series differ from each 

The  moles 

T h e  nonionic compounds are polar and  have hydrophobic and 

In coal aqueous mixtures, t h e  hydrophobic end hydrophillic portions. 

o f  t h e  sur fac tan t  is  believed or iented toward t h e  coal  par t ic le  and 

t h e  hydrophillic end toward t h e  aqueous medium. In Figure 2a, the 

hydrophobic portion encompasses  t h e  ethylene diamine and propylene 

oxide par t  of t h e  molecule. 

is  the  propylene glycol portion together  with t h e  propylene oxide 

chain t h a t  comprises t h e  hydrophobic segment  of t h e  surfactant ,  and 

in  Figure 2c, t h e  nonyl hydrocarbon chain and benzene ring are t h e  

hydrophobic end of t h e  compound. 

e thylene oxide portion t h a t  is hydrophillic. 

those with t h e  highest molecular weight in t h e  ser ies  have t h e  longest 

polyoxyethylene chains. 

fur ther  they extend into t h e  solution. 

/ 

1 

For t h e  molecule shown in Figure 2b, it 

I ,  

For all these molecules, it is  the 

For each  of t h e  compounds, 

The  longer t h e  chain of ethylene oxide, the 

Experiments 

Experimental  work done with these  sur fac tan ts  in 

coal  aqueous slurry was revealing. 

t h a t  were  e f fec t ive  in producing a 70% solids slurry, with those that  

were not ,  showed t h a t  be tween t h e  primary difference between them 

was in t h e  ethylene oxide content .  The  sur fac tan ts  tha t  were found 

ef fec t ive  contained 100 or more  moles of e thylene oxide, while all 

A comparison of the  compounds 
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that were not, contained less. 

as influential because two of the compounds deemed not effective 

had higher molecular weights than the one that was. 

Molecular weight did not appear to be  

Slurry Properties 

Coal aqueous mixtures are designed to conform to two 

major catagories of properties: fuel and rheological. Fuel properties 

relate to the BTU content of the slurry, its level of ash, sulfur, and 

volatile matter, and sieve analysis. Rheological properties are concerned 

with the flow and handling characteristics of the slurry, and its stability 

to settling and shear. 

A viscosity profile of a coal aqueous slurry is shown in 

Figure 3. 

is well above 10,000 centipoise a t  low shear rates of 0.3 sec-l and 

below, and it is lower than 2000 CP a t  shear rates above 100 see-1. 

The high viscosity a t  low shear rates indicates that this slurry will 

resist settling when it is a t  rest. The lower viscosity a t  100  sec-1 

indicates that i t  will pump readily. 

estimated to be at  least 10,000 sec-l. 

that the viscosity of this slurry a t  that shear rate will be low, and that 

it will atomize well. 

This slurry exhibits desired rheological properties; its viscosity 

Shear rates during atomization are 

The curve in Figure 3 suggests 

Slurries that decrease in viscosity with increased shear 

stress are described as pseudoplastic, and the curve in Figure 3 shows a 

material with this property. 

shear rates, and the data showed that flow did not begin until a certain 

minimum shear stress was exceeded, then the slurry could be described 

as a Bingham plastic. The point a t  which flow starts in such a system 

If  this slurry was measured at  even lower 
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is called yield value, which is often manifested in materials with high 

concentrations of powder dispersed in liquids. 

Summary 

Coal aqueous mixtures can be prepared that have high 

coal content, are stable to settling, and can be pumped and atomized. 

The concentration of coal in a slurry depends upon the water requirement 

of the system. 

its size consist, and upon the additives in the formulation. 

importance is the type of surfactant used. 

tension of water and adsorb a t  the solidlsolution interface to hinder 

close particle approach, ionic surfactants do so primarily by electrostatic 

repulsion. 

This requirement is effected by the grade of coal used, 

Of particular 

Surfactants lower the surface 

Nonionic surfactants do so primarily by steric hindrance. 

Coal aqueous slurry can be made a t  a cost that is 

lower than that of No. 6 fuel oil by over $1.00 per million BTU. 

differential has provided the economic incentive to develop aqueous 

slurry as a replacement fuel. 

in work done by others in the  industry, indicate that the research in 

this field has succeeded in developing a new fuel. 

This 

The findings presented in this study, and 
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CURRENT PROGRESS I N  
COAL-WATER SLURRY BURNER DEVELOPMENT 

INTRODUCTION 

There has been s i g n i f i c a n t  i n t e r e s t  i n  r e c e n t  yea rs  i n  development o f  domest ic f u e l s  
which cou ld  d i s p l a c e  those p r e s e n t l y  impor ted  by U.S. i n d u s t r y .  
q u a n t i t y  o f  f u e l  consumed by the  e l e c t r i c  power genera t i on  i n d u s t r y ,  much o f  t h i s  
i n t e r e s t  has been focused on f u e l s  t o  rep lace  o i l  and gas combusted i n  e x i s t i n g  u t i l i t y  
b o i l e r s .  Many o f  these e f f o r t s  have focused on t h e  use o f  coa l  as t h e  replacement fue l  
s ince  i t  i s  t h e  Un i ted  S t a t e s '  most abundant f o s s i l  f u e l .  

Because of t h e  l a r g e  

U n l i k e  o i l ,  coa l  cannot  be e a s i l y  n o r  i nexpens ive l y  r e f i n e d  i n t o  a c o n s i s t a n t  d e f i n a b l e  
fue l .  Every coa l  t y p e  i s  d i f f e r e n t  i n  combust ib le  p r o p e r t i e s  as w e l l  as m ine ra l  m a t t e r  
con ten t  and composi t ion.  
s i g n i f i c a n t l y  i n f l u e n c e  t h e  de te rm ina t ion  o f  a p a r t i c u l a r  c o a l ' s  success fu l  a p p l i c a t i o n  
as a replacement f u e l  i n  an e x i s t i n g  u t i l i t y  b o i l e r .  
depends on severa l  o t h e r  key economic f a c t o r s  as w e l l ;  b o i l e r  d e r a t i n g ,  d i f f e r e n t i a l  
fue l  savings between t h e  p r e s e n t l y  used f u e l  and the  cand ida te  a1 t e r n a t e  f u e l ,  and 
l a s t l y ,  t he  r e s u l t i n g  payback p e r i o d  over  which t h e  u t i l i t y  must amor t i ze  t h e  c o s t  o f  
c o n v e r t i n g  t o  the  new f u e l .  

F i  u r e  1 shows t h e  r e l a t i o n s h i p  o f  these economic parameters. I f  one cons ide rs  seven 
(77  yea rs  a reasonab le  payback pe r iod ,  F igu re  1 i l l u s t r a t e s  t h a t ,  w i t h  r e a l i s t i c  u n i t  
d e r a t i n g s  o f  up t o  25%, a d i f f e r e n t i a l  f u e l  c o s t  o f  between $1.00 and $2.00 p e r  m i l l i o n  
BTU's must be ach ieved t o  make convers ion  economic. T h i s  d e l i c a t e  economic ba lance i s  
t h e  ve ry  reason u t i l i t i e s  have Seen slow t o  accept  c o a l / o i l  s l u r r i e s  as a v i a b l e  
a l t e r n a t i v e  t o  o i l  a lone. 
t h e  nominal  coa l  p r i c e  a t  $2.00/1.1MBTU, and t h e  p r a c t i c a l  amount o f  coa l  t h a t  can be 
m ixed  w i t h  o i l  l i m i t e d  t o  about  50% on a mass bas i s ,  t h e  raw produc ts  a lone a r e  about 

i n  c o s t ,  many u t i l i t i e s  are u n w i l l i n g  t o  r i s k  convers ion  o f  o p e r a t i n g  u n i t s  t o  t h i s  new 
f u e l .  

Because o f  t he  marg ina l  economic i n c e n t i v e  o f  c o a l / o i l  s l u r r i e s ,  i n t e r e s t  has s h i f t e d  t o  
a r e l a t i v e l y  new p o t e n t i a l  convers ion  fue l - coa l /wa te r  s l u r r y  (CWS). Coa l /water  s l u r r i e s  
have t l i e  d i s t i n c t  advantage o f  r e q u i r i n g  no o i l  and t h e r e f o r e  the  p o t e n t i a l  d i f f e r e n t i a l  
i n  f u e l  cos t  over ope ra t i on  on o i l  a lone can be much g r e a t e r  t han  t h a t  w i t h  c o a l / o i l  
s l u r r i e s .  Coal /water s l u r r i e s  have severa l  p o s s i b l e  t e c h n i c a l  l i m i t a t i o n s ,  however, 
which must be r e c o n c i l e d  b e f o r e  they  can be cons idered as a v i a b l e  replacement f o r  o i l  
o r  gas i n  u t i l i t y  b o i l e r s .  

Un fo r tuna te l y ,  these a r e  two key parameters which 

Success fu l  a p p l i c a t i o n  a l s o  

Wi th  t h e  nominal  c o s t  o f  o i l  a t  approx imate ly  $6.00/FIMBTU and 
\ 

c $4.00/MMBTU w i t h o u t  any a l lowance f o r  s l u r r y  p repara t i on .  W i th  t h i s  narrow d i f f e r e n t i a l  

One o f  t h e  concerns wh ich  must be addressed i s  t h e  development o f  an a tomizer  t h a t  w i l l  
p r o p e r l y  atomize t h i s  new f u e l .  A problem t h a t  t h e  a tomize r  development eng ineer  faces  
i s  t h a t  most CWS f u e l s  under development today  have been des igned t o  maximize coa l  
con ten t  and f u e l  s t a b i l i t y  ( i . e . ,  m i n i m i z a t i o n  o f  s e t t l i n g ) .  
t r a n s p o r t a t i o n  s tandpo in t  t h i s  approach makes sense b u t  r e s u l t s  i n  a f u e l  which maybe 
v iscous ,  and t h e r e f o r e  d i f f i c u l t  t o  e f f e c t i v e l y  atomize. 
economica l l y  atomized i t  w i l l  n o t  be a v i a b l e  commercial f u e l .  There fore ,  t he  
successful  CWS f u e l s  w i l l  have t o  have bo th  acceptab le  s to rage  s t a b i l i t y  and r h e o l o g i c a l  
p r o p e r t i e s  t o  p e r m i t  good a tomiza t i on  w i t h  r e a l i s t i c  l e v e l s  o f  a tomiz ing  a s s i s t  f l u i d .  

Other  concerns, i n  a d d i t i o n  t o  r h e o l o g i c a l  f u e l  p r o p e r t i e s ,  a r e  f u e l  i g n i t i o n  and 
warm-up requirements,  burner  s t a b i l i t y  and turn-down, and carbon convers ion  and thermal 
e f f i c i e n c i e s .  Most CWS t e s t i n g  t o  da te  has been i n  smal l  l a b o r a t o r y  f a c i l i t i e s  o f  1 t o  
4 MMBTU/hr and, i n  genera l ,  r e s u l t s  have been poor,  compared t o  t h a t  wh ich  must be 
ach ieved i f  CWS fue ls  a re  t o  be accepted as a v i a b l e  replacement f u e l  by u t i l i t i e s .  
Tes t  furnaces have r e q u i r e d  ex tens i ve  preheat ,  burner  turn-down has been ex t remely  
l i m i t e d  and carbon convers ion  e f f i c i e n c i e s  have, a t  bes t ,  been i n  the  h i g h  80% t o  mid 
90% range(1,Z J). 

From an economics and 

I f  a s l u r r y  cannot be 
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I n  a d d i t i o n  t o  these p o t e n t i a l  problems w i t h  CWS combust ion,  F igu re  1 i n d i c a t e s  t h a t  
u n i t  d e r a t i n g  can p l a y  a s i g n i f i c a n t  r o l e  i n  d i c t a t i n g  the  success o f  a f u e l  conversion. 
Fo r  t h i s  reason coa ls  t o  be used f o r  CWS's must e i t h e r  be c a r e f u l l y  se lec ted  on the  
b a s i s  of t h e i r  o r i g i n a l  ash c h a r a c t e r i s t i c s  o r  t hey  must be b e n e f i c i a t e d  ( i . e . ,  cleaned 
of minera l  m a t t e r )  t o  min imize  fu rnace  s l a g g i n g / f o u l  i n g  and e ros ion  such t h a t  
s i g n i f i c a n t  b o i l e r  d e r a t i n g s  w i l l  n o t  be encountered. 

CWS BURNER DEVELOPMENT 

T h i s  paper i s  a p rogress  r e p o r t  on a j o i n t  program between Combustion Eng ineer ing  (C-E) 
and the  E l e c t r i c  Power Research I n s t i t u t e  (EPRI) t o  deve lop  and demonstrate a commercial 
s c a l e  CWS bu rne r  wh ich  meets reasonab le  commercial success c r i t e r i a .  As such, a burner 
i s  p r e s e n t l y  be ing  developed wh ich  meets t h e  f o l l o w i n g  c o n s t r a i n t s :  

1. Permi ts  i g n i t i o n  i n  a c o l d  fu rnace  w i t h  conven t iona l  i g n i t i o n  equipment. 

2. Operates s t a b l y  ove r  a 4 t o  1 turndown range w i t h o u t  supplemental  i g n i t i o n  f u e l .  

3. Employs f u e l  and a tomiz ing  media p ressures  t h a t  a re  o b t a i n a b l e  w i t h  commercial ly 
ava i  1 ab1 e equipment. 

4. Requires a tomiz ing  media t o  f u e l  mass f low r a t i o s  s i m i l a r  t o  those used f o r  o i l .  

5. Produces carbon convers ion  e f f i c i e n c i e s  comparable w i t h  o i l  ( i . e . ,  h i g h  90% range) 
a t  accep tab le  excess a i r  l e v e l s  ( i . e . ,  20-30%) and reasonab le  a i r  p reheat  
temperatures ( i . e . ,  250 t o  400°F) ove r  t h e  f u l l  l oad  range o f  t he  burner .  

To achieve these goa ls  C-E  i s  u s i n g  a p roven t h r e e  s tep  f i r i n g  system development 
approach. 

1. Development o f  a CWS a tomize r  u s i n g  C-E's A tomiza t i on  Tes t  F a c i l i t y .  

2. Development o f  an aerodynamica l l y  sound bu rne r  r e g i s t e r  us ing  C-E's Burner  Modeling 
Faci  1 i ty  . 

3. I n t e g r a t i o n  o f  t h e  developed a tomize r  and bu rne r  r e g i s t e r ,  and o p t i m i z a t i o n  o f  the  
CWS f i r i n g  sys tem's  combust ion performance a t  a commercial f i r i n g  sca le  o f  
80/MMBTU/hr i n  C-E's F u l l  Sca le  Burner  Tes t  F a c i l i t y .  

T h i s  paper does n o t  c o n t a i n  a l l  combust ion da ta  which was s t i l l  be ing  ana lyzed a t  the  
t i m e  t h i s  paper was prepared; t he  combust ion da ta  i s ,  t h e r e f o r e ,  p r e l i m i n a r y .  

FUEL PREPARATION AND CHARACTERIZATION 

The f u e l  r e q u i r e d  f o r  t h i s  development program was donated by Advanced Fue ls  Technology 
(AFT), a G u l f  and Western Company. The coa l  used was a C l e a r f i e l d  County, Pennsylvania 
b i tuminous ,  se lec ted  by E P R I .  
s l u r r y  p repara t i on ,  a t  EPRI's Coal C lean ing  Tes t  F a c i l i t y  i n  Homer City, Pennsylvania.  
A s i m p l i f i e d  f l o w  schematic o f  t he  c l e a n i n g  process used i s  shown i n  F igu re  2, and the  
a n a l y s i s  o f  t h e  c leaned coa l  i s  shown i n  Tab le  1. 

Coal t o  be c leaned by EPRI's t e s t  f a c i l i t y  i s , , i n i t i a l l y  crushed t o  a nominal  3/4" x 0 
s i z e  and then  processed th rough  a m u l t i s t a g e  des l im ing  screen".  The f i r s t  sc reen ing  
s tage removes ove rs i zed  m a t e r i a l  (+3 /4" )  f rom the  process steam. The second s tage 
removes c o a l  wh ich  i s  of  a 3/4" x 28 mesh s i z e .  T h i s  i s  t h e  main process steam. 
Separated m a t e r i a l  (+3/4" and -28 mesh) i s  c o l l e c t e d  i n  a re fuse  p i l e  f o r  f u t u r e  
independent t rea tment .  
"heavy media cyc lones"  fo l l owed  by  a " s ieve  bend & screen" t o  separa te  the  c lean  coal  
from the  re fuse  p o r t i o n .  
d i f f e r e n c e s  between t h e  coa l  (wh ich  i s  r e l a t i v e l y  l i g h t )  and the  h i g h  m ine ra l  ma t te r  

The r e q u i r e d  coa l  was cleaned, p r i o r  t o  t e s t i n g  and 

The main coa l  stream i s  then  processed th rough two s tages  o f  

The separa t i on  p r i n c i p l e  i s  based on t h e  mass d e n s i t y  
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f r a c t i o n s  (wh ich  a r e  r e l a t i v e l y  heavy).  
passed th rough a "basket  c e n t r i f u g e "  t o  be p a r t i a l l y  dewatered. 
i s  considered "c leaned".  I t  i s  metered by a weigh b e l t  and i s  passed t o  a s to rage  p i l e .  

The h i g h  ash re fuse  ob ta ined  f rom t h e  separa t i on  processes i s  c o l l e c t e d  i n  a re fuse  p i l e  
f o r  d i sposa l  and/or  f u t u r e  reprocess ing .  
and cleaned coa l  streams, and c o l l e c t e d  f o r  reuse. 
genera t i ng  a very l ow  ash coa l  f o r  t h i s  t e s t i n g  program, r e f u s e  m a t e r i a l  was n o t  
reprocessed and combined w i t h  t h e  i n i t i a l l y  c leaned main coa l  stream as would be the  
normal procedure. 

I n  a l l ,  approx imate ly  150 tons  o f  c leaned coa l  were prepared f o r  t h i s  program. 
Approximately 40 tons  o f  t h e  c leaned coa l  was reserved f o r  base coa l  t e s t i n g  t o  
e s t a b l i s h  a meaningful  re fe rence  base f o r  comparison t o  CWS combust ion performance. 
balance of  t he  coa l  (app rox ima te l y  110 tons )  was processed, by  AFT, i n t o  a nominal 70% 
SO1 i d s  CWS of predetermined s p e c i f i c a t i o n s .  
by C-E and AFT t o  assure  t h e  maximum p r o b a b i l i t y  f o r  combust ion success th rough c a r e f u l  
a t t e n t i o n  t o  overs ized p a r t i c l e s  and m i n i m i z a t i o n  o f  f u e l  v i s c o s i t y .  
s p e c i f i c a t i o n s  are  presented  i n  Tab le  2 w i t h  an a n a l y s i s  cjf t h e  produced CWS. 
schematic o f  AFT'S CWS prepara t i on  system i s  shown i n  F igu re  3. 

F igu re  4 shows a t y p i c a l  v i s c o s i t y  p r o f i l e  o f  t h e  CWS which was ob ta ined  us ing  a Haake 
Rotov isco  viscometer.  As can be seen i n  F i g u r e  4, t he  CWS e x h i b i t e d  Newtonian t o  
s l i g h t l y  pseudop las t ic  behav io r  ( i . e . ,  v i s c o s i t y  remains cons tan t  o r  decreases s l i g h t l y  
w i t h  i n c r e a s i n g  shear r a t e ) .  From an a tomiza t i on  s tandpo in t ,  p s e u d o p l a s t i c i t y  i s  
d e s i r a b l e  s ince  the  v i s c o s i t y  decreases a t  t h e  h i g h  shear r a t e s  encountered w i t h i n  the  
atomizer.  A Newtonian behav io r  i s  a l s o  acceptab le  s ince  t h e  v i s c o s i t y  remains cons tan t  
w i t h  i n c r e a s i n g  shear r a t e .  
inc reases  w i t h  i nc reas ing  shear  r a t e  and would l e a d  t o  poor a tomiza t i on .  

I t  i s  impor tan t  t o  no te  t h a t  i n  o rde r  f o r  CWS t o  a t t a i n  commercial acceptance, a b a l a v w  
must be achieved between t h e  h i g h  s t a t i c  v i s c o s i t y  r e q u i r e d  f o r  t r a n s p o r t  and s to rage 
s t a b i l i t y  and the  r h e o l o g i c a l  p r o p e r t i e s  r e q u i r e d  f o r  a t o m i z a t i o n  and combustion. Also,  
r i g i d  c o n t r o l  o f  p a r t i c l e  t o p  s i z e  and s t r i n g e n t  q u a l i t y  c o n t r o l  by  t h e  s l u r r y  
manufacturers i s  necessary t o  i n s u r e  a c o n s i s t a n t  supp ly  o f  usab le  CWS. 

FUEL SHIPPING, STORAGE AN0 HANDLING 

A f t e r  pass ing  th rough  these s teps  t h e  coa l  i s  
A t  t h i s  p o i n t  t he  coa l  ', 

Process f l u i d s  a re  separa ted  f rom t h e  r e f u s e  
', Fo r  t h e  s p e c i a l  purpose o f  

The 

These s p e c i f i c a t i o n s  were developed j o i n t l y  

The developed f u e l  
A 

O i l a t e n t  behav io r  i s  n o t  accep tab le  s i n c e  t h e  v i s c o s i t y  

\ 

\ The CWS prepared by  AFT was shipped t o  C-E's K r e i s i n g e r  Development Labora to ry  (KDL) a t  
Windsor, Connect icu t  i n  convent iona l  p r e s s u r i z a b l e  tanke r  t r u c k s .  A l though t h e  tanke rs  
used had vo lumet r i c  c a p a c i t i e s  o f  approx imate ly  6500 g a l l o n s ,  f i v e  tanke rs  were needed 
t o  t r a n s p o r t  t h e  r e q u i r e d  21,000 g a l l o n s  o f  s l u r r y  because each was l i m i t e d  t o  a 
capac i t y  o f  o n l y  about 4,200 g a l l o n s  due t o  t h e  l e g a l  over - the- road we igh t  l i m i t  o f  
45,000 l b s .  
r e s p e c t i v e l y .  

C-E's A l t e r n a t e  Fuels Hand l ing  F a c i l i t y  (AFHF) i s  shown schemat i ca l l y  i n  F igu re  5. 
f a c i l i t y  i s  comprised o f  a 15,000 g a l l o n  s to rage  tank ,  a 2500 g a l l o n  day tank, an 
homogenizer and severa l  pumps, f i l t e r s  and heaters  con f igu red  t o  hand le  s l u r r y - t y p e  
f u e l s .  F igu re  6 shows the  arrangement o f  those components o f  t h e  AFHF s p e c i f i c a l l y  
u t i l i z e d  f o r  t h e  CWS t e s t i n g  program. 

P re l im ina ry  t e s t i n g  i n d i c a t e d  t h a t  t h e  tanke r  t r u c k s  c o u l d  be e f f e c t i v e l y  unloaded two 
ways. A 
T u t h i l l  model 120A pump was used and p e r m i t t e d  un load ing  t o  t h e  AFHF 15,000 g a l l o n  
s to rage tank  a t  a r a t e  of  12-15 gpm. The second procedure,  wh ich  was used f o r  t he  
balance o f  t he  r e q u i r e d  un load ing ,  was t o  by-pass t h e  pump and un load t h e  f u e l  by 
p r e s s u r i z i n g  t h e  tanke r  t o  30 p s i g .  
average r a t e  o f  50-70 gpm, o r  1-14 hours  p e r  4,200 g a l l o n  t a n k e r  load.  

Photographs 1 and 2 show a tanke r  t r u c k  a r r i v i n g  a t  C-E and be ing  unloaded, 

T h i s  

One manner was by  pumping the  CWS f r om t h e  tanke r  i n  an unpressur ized  s ta te .  

A t  t h i s  p ressure ,  t h e  tanke rs  were unloaded a t  an 
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As was p r e v i o u s l y  ment ioned, a t o t a l  o f  f i v e  tanke r  t r u c k  l oads  o f  CWS were rece ived  f o r  
t h e  t e s t  program. 
s p e c i f i c a t i o n  ( s e e  Tab le  2 )  and appeared t o  m a i n t a i n  s to rage s t a b i l i t y  and s l u r r y  
u n i f o r m i t y  over a p e r i o d  o f  seve ra l  weeks w i t h  o n l y  occas iona l  r e c i r c u l a t i o n  us ing  the  
T u t h i l l  pump. 
a tomizer  development phase wh ich  w i l l  be d iscussed l a t e r .  

These were some o f f -spec .  changes i n  t h e  t h i r d  t a n k e r  shipment o f  f u e l  which a f f e c t e d  
r h e o l o g i c a l  p r o p e r t i e s  o f  p r e v i o u s l y  sh ipped f u e l  as w e l l  as the  f o u r t h  tanke r  l o a d  o f  
CWS f u e l .  
c i r c u l a t i o n  a t  C-E p e r m i t t e d  t e s t i n g  t o  cont inue.  The l a s t  t anke r  o f  f u e l  was 
s i g n i f i c a n t l y  h i g h e r  i n  v i s c o s i t y  t h a n  t h e  p rev ious  f u e l  batches; t h i s  r e q u i r e d  h igher  
f u e l  supply pressures t o  ach ieve  t h e  same mass f l o w  r a t e s  as the  p rev ious  f u e l  
s h i pment s . 

The i n i t i a l  two t a n k e r s  rece ived  con ta ined  CWS o f  p roper  

A p o r t i o n  o f  t h e  f u e l  f rom these i n i t i a l  two tankers  was used f o r  t he  

On-s i te  ad jus tments  by  G&W personnel  combined w i t h  inc reased f u e l  

CWS ATOMIZER DEVELOPMENT 

The development o f  an a tomize r  f o r  CWS was e s s e n t i a l  t o  the  developmental success o f  the  
C-E/EPRI  CWS burner .  The purpose o f  t h e  a tomize r  i s  t o  f ragment t h e  CWS f u e l  stream 
i n t o  r e a d i l y  combust ib le  d r o p l e t s .  
d r o p l e t s  i s  a f u n c t i o n  o f  bo th  t h e  a t o m i z e r ' s  des ign  and t h e  b u r n e r ' s  near -s t ream 
aerodynamics, and d i r e c t l y  a f f e c t s  b u r n e r  performance i n  terms o f  f lame leng th ,  
s t a b i l i t y  and carbon burnout .  

I n  the  course  o f  development, c a r e f u l  c o n s i d e r a t i o n  was g i ven  t o  bo th  t h e  CWS a tomizer 's  
gener ic  des ign  as w e l l  as i t s  s p e c i f i c  geomet r ic  dimensions. O f  gener i c  a tomize r  
designs reviewed by C-E, t h e  " Y "  j e t  c o n f i g u r a t i o n  (F igu re  7 )  appeared t o  have t h e  
g rea tes t  p o t e n t i a l  f o r  success w i t h  CWS. Two p r o p e r t i e s  o f  CWS were i d e n t i f i e d  as 
p o t e n t i a l l y  p rob lemat i c  t o  e f f e c t i v e  a tomiza t i on .  
h i g h  v i s c o s i t y  ( F i g u r e  4) .  
(superheated steam o r  compressed a i r )  t o  i n i t i a t e  f u e l  s t ream breakup th rough h i g h  shear 
t u r b u l e n t  m i x i n g  o f  t h e  a tomiz ing  media and f u e l  streams. Th is  " Y "  j e t  a tom iza t i on  
p r i n c i p l e  has been shown(4) t o  be e f f e c t i v e  f o r  t h e  a tomiza t i on  o f  v iscous  f u e l s  and 
thus  would be p o t e n t i a l l y  success fu l  w i t h  CNS. 
des ign ' s  s imp le  geometry,wi th no t o r t u o u s  paths,  i t  perm i t s  f a b r i c a t i o n  w i t h  e ros ion  
r e s i s t a n t  m a t e r i a l s  ( F i g u r e  8) .  

Combustion Eng ineer ing  has e x t e n s i v e  exper ience i n  " Y "  j e t  a tomizer  des ign  and has 
developed a computer des ign  code and a f u l l  sca le  A tomiza t i on  Tes t  F a c i l i t y  (ATF) t o  
a s s i s t  i n  " Y "  j e t  a tom ize r  des ign  development.  These were u t i l i z e d  i n  a t h r e e  s tep  
approach which r e s u l t e d  i n  t h e  success fu l  development o f  a CWS atomizer .  
we r e  : 

1. Theore t i ca l  i d e n t i f i c a t i o n  o f  c r i t i c a l  a tom ize r  geomet r ic  dimensions based on f u e l  

2. 

The s i ze ,  v e l o c i t y  and t r a j e c t o r y  o f  these f u e l  

These were i t s  e r o s i v e  n a t u r e  and 
"Y" j e t  t y p e  a tomizers  u t i l i z e  p ressu r i zed  a tomiz ing  media 

Secondly,  because o f  t h e  a tomize r  

These s teps  

p r o p e r t i e s  and a tomiz ing  media cons ide ra t i ons .  

P re l im ina ry  ATF t e s t i n g  and per fo rmance o p t i m i z a t i o n  o f  t he  t h e o r e t i c a l  a tomizer  
design. 

D e t a i l e d  ATF performance c h a r a c t e r i z a t i o n  o f  an optimum atomizer  des ign  ove r  a 
m a t r i x  o f  ope ra t i on .  

3 .  

ATOMIZER TEST FACILITY 

C-E's A tomizer  Tes t  F a c i l i t y  (ATF) i s  designed t o  q u a n t i t a t i v e l y  c h a r a c t e r i z e  t h e  
a tomiza t i on  q u a l i t y  of f u l l  sca le  (10 gpm) bu rne r  a tomizers .  
con f i gu red  t o  o b t a i n  d r o p l e t  s i z e  d i s t r i b u t i o n  and d r o p l e t  b a l l i s t i c s  ( v e l o c i t y  and 
t r a j e c t o r y )  i n f o r m a t i o n  f rom f u e l  sprays .  

The f a c i l i t y  opera tes  i n  a c o l d  f l o w  (non-combust ion) mode and has p r o v i s i o n s  f o r  
s tudy ing  b o t h  convent iona l  l i q u i d  and s l u r r y  f u e l s .  

The f a c i l i t y  i s  un ique ly  

P rov i s ions  f o r  s l u r r y  f u e l s  i nc lude  
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a 700 g a l l o n  t r a n s p o r t a b l e  f u e l  tank  f o r  s t o r i n g  and h e a t i n g  f u e l s  p r i o r  t o  ATF t e s t i n g .  
The tank  i s  equipped w i t h  a m ixe r  and r e c i r c u l a t i o n  system t o  m in im ize  p o t e n t i a l  s l u r r y  
s o l  i d s  s t r a t i f i c a t i o n .  

A schematic o f  t he  A tomiza t i on  Tes t  F a c i l i t y  i s  shown i n  F i g u r e  9. The ac tua l  f a c i l i t y  

Tes t  a tomizers  a re  c e n t r a l l y  l o c a t e d  i n  t h e  spray  chamber and spray  v e r t i c a l l y  down, 
thus  m in im iz ing  t h e  e f f e c t  o f  g r a v i t y  i n  a tomiza t i on  d r o p l e t  b a l l i s t i c s  measurements. 
Also,  a cons tan t  v e l o c i t y  p r o f i l e  (10 f t / s e c )  a i r f l o w  passes by  t h e  a tomize r  d u r i n g  
t e s t i n g  t o  p revent  p o t e n t i a l  d r o p l e t  r e c i r c u l a t i o n  which would o the rw ise  b i a s  d r o p l e t  
t r a j e c t o r y  i n fo rma t ion .  
t he  atomized sprays. 
as  shown. 
demisted and exhausted f rom t h e  f a c i l i t y .  
o r  d i sposa l .  

7 

\ i s  presented i n  Photo 3. 

Large  windows i n  t h e  spray  chamber p e r m i t  o p t i c a l  access across  
O p t i c a l  spray  d i a g n o s t i c  equipment i s  l o c a t e d  on t h e  two benches 

Once da ta  i s  ob ta ined  f rom t h e  spray,  t h e  f u e l  d r o p l e t - l a d e n  a i r  f l o w  i s  
The c o l l e c t e d  f u e l  i s  t hen  removed f o r  reuse 

OPTICAL DIAGNOSTIC TECHNIQUES 

TWO op t i ca l l y -based  techn iques  a re  u t i l i z e d  by C-E i n  t h e  ATF t o  q u a n t i f y  spray  q u a l i t y .  
A l a s e r  d i f f r a c t i o n  techn ique i s  used t o  de termine t h e  spray  d r o p l e t  s i z e  d i s t r i b u t i o n  
and a h i g h  speed double spark photograph ic  techn ique i s  u t i l i z e d  t o  d e f i n e  d r o p l e t  
v e l o c i t y  and t r a j e c t o r y .  

The l a s e r  d i f f r a c t i o n  techn ique i s  based on t h e  Fraunhofer  d i f f r a c t i o n  o f  a p a r a l l e l  
beam o f  mono-chromatic l i g h t  b y  moving o f  s t a t i o n a r y  d r o p l e t s  o r  p a r t i c l e s ( 5 ) .  A 
F o u r i e r  Transform l e n s  y i e l d s  a s t a t i o n a r y  l i g h t  p a t t e r n  f rom t h e  l i g h t  d i f f r a c t e d  by 
the  p a r t i c l e s .  A mu l t i - e lemen t  p h o t o - e l e c t r i c  d e t e c t o r  l o c a t e d  a t  t h e  f o c a l  p lane  o f  
t he  F o u r i e r  Transform l e n s  produces an e l e c t r i c a l  s i g n a l  analogous t o  t h e  d i f f r a c t e d  
l i g h t .  
Rosin-Rammler model wh ich  con t inuous ly  mod i f i es  the  mean d iamete r  and exponent 
parameters u n t i l  a b e s t  f i t  i s  ob ta ined (5 ) .  
percentage number d e n s i t y  a r e  then c a l c u l a t e d  f rom t h e  bes t  f i t  model. 

F igu re  10 shows a schematic o f  t he  l a s e r  d i f f r a c t i o n  apparatus.  The l a s e r  i s  t he  
monochromatic l i g h t  t ransmiss ion  source and t h e  d i f f r a c t e d  1 i g h t  i s  rece ived  and 
analyzed by a F o u r i e r  Trans form lens ,  a p h o t o e l e c t r i c  d e t e c t o r ,  and a mini-computer.  
Note, t h e  o p t i c a l  probe inc luded  i n  t h e  schematic i s  used t o  a l l e v i a t e  measurement 
e r r o r s  i n  dense f u e l  sprays.  

The o p t i c a l  arrangement f o r  t h e  h i g h  speed double spark pho tog raph ic  techn ique i s  
dep ic ted  schemat i ca l l y  i n  F i g u r e  11. 
s i d e  o f  t he  f a c i l i t y .  
f l a s h  o f  l i g h t .  
l e n s  system and i n t o  a camera l e n s  l o c a t e d  on t h e  oppos i te  s i d e  o f  t h e  f a c i l i t y .  
camera l e n s  i s  focused on a s p e c i f i e d  p lane  w i t h i n  the  spray  f i e l d  ( o b j e c t  p lane ) .  
S i l h o u e t t e  images o f  t h e  d r o p l e t s  l o c a t e d  i n  t h e  camera's o b j e c t  p lane  and f i e l d  o f  v iew 
a re  recorded on f i l m .  

The two f l ashes  produce a doub le  exposure s i l h o u e t t e  photograph o f  t h e  d r o p l e t s .  
Accura te  d r o p l e t  v e l o c i t y  i n f o r m a t i o n  i s  t hen  ob ta ined  by measur ing t h e  d i s t a n c e  
t r a v e l e d  by an i n d i v i d u a l  d r o p l e t  between exposures w i t h  knowledge o f  t h e  t i m e  i n t e r v a l  
between f l ashes .  
o f  t r a v e l  f o r  i n d i v i d u a l  d r o p l e t s .  

A mini-computer compares t h i s  s i p a l  w i t h  t h e  d e r i v e d  s i g n a l  based on a 

Percentage we igh t  f r a c t i o n  and normal ized  

Two spark-gap l i g h t  sources  a re  l o c a t e d  on one 

These f l a s h e s  o f  l i g h t  a r e  d i r e c t e d  th rough t h e  a tomize r  spray  by a 
Each source produces one in tense ,  s h o r t  d u r a t i o n  (1  microsecond) 

The 

S i m i l a r l y ,  d r o p l e t  t r a j e c t o r y  i s  de termined by  obse rv ing  t h e  d i r e c t i o n  

INIT IAL CWS ATOMIZER D E S I G N  

The CWS atomizer  was designed i n  p a r t  by  t h e  a p p l i c a t i o n  o f  a computer code p r e v i o u s l y  
developed by C-E t o  p r e d i c t  "Y" j e t  a tom ize r  a t o m i z a t i o n  q u a l i t y  ( i n  terms of spray  
d r o p l e t  mass median d iameter )  w i t h  heavy f u e l  o i l s .  
a tom ize r  performance as a f u n c t i o n  o f  c r i t i c a l  f u e l  p r o p e r t i e s  and a tomiz ing  media 

T h i s  program code es t ima tes  
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c o n s t r a i n t s .  These inc lude ,  f u e l  v i s c o s i t y ,  a tom iz ing  media d e n s i t y ,  and a tomiz ing  
media t o  f u e l  mass f l o w .  C-E  u t i l i z e d  t h i s  code t o  p r e d i c t  CWS a tomiza t i on  q u a l i t y .  
The p r e d i c t i o n s ,  i n  c o n j u n c t i o n  w i t h  p ressu re  d rop  c a l c u l a t i o n s ,  f l u i d  momentum 
cons ide ra t i ons ,  and geomet r ic  c o r r e l a t i o n s  ob ta ined  i n  p rev ious  a tomize r  development 
e f fo r t s ,  r e s u l t e d  i n  t h e  i d e n t i f i c a t i o n  o f  s p e c i f i c  a tomize r  dimensions; these a re  shown 
i n  F igu re  7. The t a r g e t  CWS a t o m i z a t i o n  q u a l i t y  was t h a t  wh ich  i s  t y p i c a l  f o r  f i r i n g  
r e s i d u a l  f u e l  o i l  u s i n g  a " Y "  j e t  a tomizer .  Based on p rev ious  t e s t s  conducted i n  the  
ATF(6), a spray  mass median d iameter  o f  120 mic rons  o r  l e s s  i s  c h a r a c t e r i s t i c  o f  
e f f e c t i v e  r e s i d u a l  o i l  a tom iza t i on .  Note, t h a t  t h i s  d r o p l e t  d iameter  i s  s i g n i f i c a n t l y  
l a r g e r  than t h a t  o f  t h e  i n d i v i d u a l  coa l  p a r t i c l e s  o f  c o n v e n t i o n a l l y  ground coa l  f o r  P.C. 
f i r i n g .  

T h i s  phase o f  CWS a tomize r  des ign  a c t u a l l y  y i e l d e d  two d i s t i n c t l y  d i f f e r e n t  " Y "  j e t  
a tomizer  geomet r ies  w i t h  s i m i l a r  performance, g i v e n  i d e n t i c a l  f u e l  and a tomiz ing  media 
cond i t i ons .  

PRELIMINARY ATF TESTING 

P r e l i m i n a r y  ATF t e s t i n g  i n v o l v e d  a compara t ive  performance e v a l u a t i o n  o f  t h e  two " Y "  j e t  
a tomizer  geomet r ies  i d e n t i f i e d  d u r i n g  i n i t i a l  CWS a tomize r  development. The l a s e r  
d i f f r a c t i o n  system was u t i l i z e d  f o r  t h i s  e f f o r t .  Each a tomize r  nozz le  des ign  was tes ted  
a t  loo%, 50%, and 25% o f  maximum f i r i n g  r a t e  ove r  a w ide  range o f  a tomiz ing  media t o  
f u e l  mass f l o w  r a t i o s  (.06 < A/F < 1.1). Compressed a i r  was used as the  a tomiz ing  
media. Fo r  these t e s t s ,  CWT and F t o m i z a t i o n  a i r  were main ta ined a t  ambient temperature.  
Data ob ta ined  f rom these compara t ive  t e s t s  i s  p resented  in F igu res  12, 13, and 14. 

A t  100% l o a d ,  nozz le  des ign  5A produced f i n e r  sprays  than  nozz le  58 a t  A/F r a t i o s  
g r e a t e r  t han  0.17. 
however, because i t  i s  a p a r a s i t i c  energy l o s s ,  and thus  n e g a t i v e l y  impacts b o i l e r  
economics. Nozzle des ign  5B c o n s i s t a n t l y  produced a f i n e r  spray  than  des ign  5A a t  mc? 
favo rab le  A / F  r a t i o s  o f  0.17 and below. 

A t  bo th  50% and 25% load, n o z z l e  des ign  58 produced e q u i v a l e n t  o r  f i n e r  CWS sprays  than 
nozz le  des ign  5A a t  g i ven  A/F r a t i o  s e t t i n g s .  
was chosen f o r  f u r t h e r  d e t a i l e d  a t o m i z a t i o n  q u a l i t y  o p t i m i z a t i o n  and c h a r a c t e r i z a t i o n .  

Opera t ion  w i t h  such h i g h  a tomiz ing  media consumption i s  undes i rab le ,  

Based on these t e s t s ,  nozz le  des ign  5B 

DETAILED CWS ATOMIZER TESTING 

D e t a i l e d  pa ramet r i c  t e s t i n g  o f  t h e  optimum a tomize r  (des ign  58) p rov ided  i n s i g h t  i n t o  
t h e  key o p e r a t i n g  parameters wh ich  i n f l u e n c e  a tomize r  performance. 
i nc luded  : f 

Parameters s tud ied  

Atomiz ing  media t o  f u e l  mass f l o w  r a t i o  
Fuel mass f l o w  r a t e  
Fuel tempera ture  
Atomiz ing  media tempera ture  

Atomiz ing  Media t o  Fuel  (A /F)  Mass Flow R a t i o  

The r a t i o  o f  a tomiz ing  media t o  f u e l  mass f l o w  was found t o  have a s i g n i f i c a n t  e f f e c t  on 
t h e  performance o f  t h e  CWS a tomize r .  
i n d i c a t e s  t h a t  above an A/F r a t i o  o f  0.17, t h e  spray  mass median d iameter  remains 
cons tan t .  
0.17 and 0.06, and r a p i d l y  degraded below an A/F r a t i o  o f  0.06. S i m i l a r  t rends  were 
no ted  a t  50% and 25% load. 

The spray d r o p l e t  s i z e  d i s t r i b u t i o n  ob ta ined  on CWS a t  f u l l  l o a d  was s i m i l a r  t o  t h a t  
ob ta ined  th rough  p rev ious  t e s t i n g  o f  " Y "  j e t  a tomizers  sp ray ing  f u e l  o i l .  The optimum 
range of A/F r a t i o s  f o r  t h e  CWS a tomize r  appeared t o  be between .08 and .14, which a re  
a l s o  t y p i c a l  o f  those r e q u i r e d  f o r  f u e l  o i l  a tom iza t i on .  

Data d e p i c t e d  i n  F i g u r e  15, t aken  a t  100% load,  

A g radua l  deg rada t ion  i n  a tomize r  performance occu r red  between A/F r a t i o s  of 
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Ef fec t  of  S l u r r y  Temperature 

The e f fec t  o f  CWS temperature on a tomiza t i on  q u a l i t y  i s  p resented  i n  F i g u r e  16. 
A tomiz ing  a i r  temperature was h e l d  cons tan t  a t  95°F d u r i n g  these t e s t s .  CWS was t e s t e d  
a t  95°F (ambient temperature) and a t  150°F over  a range o f  a tomiz ing  media t o  f u e l  mass 
f l o w  r a t i o s .  

The da ta  i n d i c a t e s  t h a t  a s l i g h t  decrease i n  spray  mass median d iameter  (MMD) o f  
approx imate ly  10% occur red  when the  p a r t i c u l a r  CWS t e s t e d  was preheated  p r i o r  t o  
a tomiza t ion .  
v i s c o s i t y  a t  e leva ted  temperature.  

The s l i g h t  decrease i n  MMD d i d  n o t  appear t o  p r o v i d e  s u f f i c i e n t  j u s t i f i c a t i o n  f o r  
p rehea t ing  the  f u e l  i n  t h e  combust ion phase o f  t he  t e s t i n g .  

The r e d u c t i o n  i n  MMD c o u l d  p o s s i b l y  be a t t r i b u t e d  t o  a r e d u c t i o n  i n  f u e l  

I 
E f f e c t  o f  A tomiz ing  A i r  Temperature 

The e f f e c t  o f  a tomiz ing  a i r  temperature on a tomiza t i on  q u a l i t y  i s  p resented  i n  F igu re  
17. 

The da ta  i n d i c a t e s  t h a t  a r e d u c t i o n  i n  MMD, o f  approx imate ly  lo%, can occur  by 
p rehea t ing  the  a tomiz ing  a i r .  Again,  however, t h i s  r e d u c t i o n  would n o t  appear t o  be 
s i g n i f i c a n t  enough t o  war ran t  p rehea t ing  t h e  a tomiz ing  a i r .  

E f f e c t  o f  S l u r r y  and A i r  Temperature 

The combined e f f e c t  o f  bo th  e leva ted  CWS and a i r  tempera ture  on a tomiza t i on  q u a l i t y  i s  
shown i n  F igu re  18. 
produced a f i n e r  spray  y e t  than e i t h e r  f l u i d  heated i n d i v i d u a l l y .  

T h i s  i n f o r m a t i o n  would be u s e f u l  shou ld  a p a r t i c u l a r  bu rne r /a tomize r  combina t ion  prove 
t o  per fo rm m a r g i n a l l y  on a s p e c i f i c  CWS. 
d r o p l e t  s i z e  d i s t r i b u t i o n  down t o  w i t h i n  a range capable o f  improv ing  combust ion 
performance. 
inc reased c a p i t a l  equipment cos ts  and energy cos ts  i n c u r r e d  when p rehea t ing  these 
f l u i d s .  

O v e r a l l ,  t he  performance o f  t h e  developed CWS a tomizer ,  w i t h  ambient CWS and a i r  
temperature,  was q u i t e  s i m i l a r  t o  convent iona l  C-E  " Y "  j e t  a tom ize r  performance and f u e l  
o i l .  For  t h i s  reason, f o r  t h e  combust ion e v a l u a t i o n  o f  CWS, f u e l  was supp l i ed  a t  
ambient temperature and a tomiza t i on  a i r  was n o t  heated beyond t h e  compressor 's nominal 
d e l i v e r y  temperature o f  160°F. 

D r o p l e t  B a l l i s t i c s  

D r o p l e t  v e l o c i t y  and t r a j e c t o r y  i n f o r m a t i o n ,  ob ta ined  th rough t h e  use o f  t h e  h i g h  speed 
double spark photograph ic  techn ique,  i n d i c a t e d  t h a t  CWS d r o p l e t  v e l o c i t i e s  were s i m i l a r  
t o  those ob ta ined f o r  convent iona l  f u e l  o i l s .  V e l o c i t i e s  ranged between 2 and 24 
meters/second, a t  an a x i a l  downstream d i s t a n c e  f rom t h e  a tomize r  o f  140 nozz le  
diameters.  
expanding j e t .  

CWS temperature was h e l d  cons tan t  a t  95°F d u r i n g  t h i s  s e r i e s  o f  t e s t s .  

I t  was concluded f rom ATF t e s t i n g  t h a t  h e a t i n g  bo th  s l u r r y  and a i r  

Preheat ing  bo th  f u e l  and a i r  may s h i f t  t he  

The improvement i n  performance would have t o  be eva lua ted  aga ins t  t h e  

D r o p l e t  t r a j e c t o r i e s  tended t o  f o l l o w  p r e d i c t a b l e  stream1 ines  o f  a f r e e l y  

D r o p l e t  v e l o c i t y  i s  a s t rong  dependent f u n c t i o n  o f  d r o p l e t  d iameter  f o r  bo th  o i l  and 
cws. 
S ince  t h e  v e l o c i t i e s  ob ta ined  f o r  bo th  o i l  and CWS were s i m i l a r ,  no d r o p l e t  b a l l i s t i c s  
r e l a t e d  changes i n  bu rne r  aerodynamic des ign  appeared necessary.  
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BURNER REGISTER DEVELOPMENT - COLD FLOW MODELING 

A f u l l - s c a l e  model o f  t h e  proposed bu rne r  r e g i s t e r  was f a b r i c a t e d  and f l o w  model t es ted  
under i so the rma l  c o n d i t i o n s .  
r e g i s t e r  des ign  e x h i b i t e d  s a t i s f a c t o r y  aerodynamic c h a r a c t e r i s t i c s  ove r  t h e  f u l l  range 
o f  a i r  f l o w s  expected t o  be used d u r i n g  combust ion opera t i on .  An impor tan t  and 
necessary aerodynamic c h a r a c t e r i s t i c  f o r  good f l ame s t a b i l i t y  i s  t h e  ex i s tence  o f  a 
s t rong  w e l l  developed r e c i r c u l a t i o n  zone a t  t h e  bu rne r  t h r o a t .  I n  t h e  C-E CWS burner,  
t h e  r e c i r c u l a t i o n  zone i s  e s t a b l i s h e d  th rough combust ion a i r  s w i r l  and a d i ve rgen t  
burner  t h r o a t .  These a r e  w e l l  known methods o f  i nduc ing  a r e c i r c u l a t i n g  f l o w  and have 
been used commerc ia l l y  f o r  some t ime(8 ,9) .  

Flow v i s u a l i z a t i o n  techn iques  were employed by C-E and conf i rmed t h e  CWS r e g i s t e r  
des ign ' s  s a t i s f a c t o r y  aerodynamics over a range o f  s imu la ted  opera t i on .  F igu re  19 
shows, schemat i ca l l y ,  t he  model used and t h e  observed r e c i r c u l a t i o n  zone boundary. 

The purpose o f  t h i s  work was t o  c o n f i r m  t h a t  t he  

BURNER DESCRIPTION 

The C-E coa l -wa te r  s l u r r y  bu rne r  i s  a s w i r l  s t a b i l i z e d  u n i t  con f i gu red  f o r  t a n g e n t i a l  
f i r i n g  and i s  shown s c h e m a t i c a l l y  i n  F i g u r e  20. 
w a l l  f i r i n g  w i t h  s u i t a b l e  m o d i f i c a t i o n s .  The p r i n c i p l e  elements o f  t h e  bu rne r  system 
are :  a r e f r a c t o r y - l i n e d  d i v e r g e n t  t h r o a t ,  a combust ion a i r  s w i r l e r  th rough which a 
p o r t i o n  o f  t h e  combust ion a i r  i s  passed, a u x i l i a r y  a i r  nozz les ,  above and below the  
burner ,  th rough wh ich  t h e  ba lance of  t he  combust ion a i r  i s  duc ted  (unsw i r l ed ) ,  and a 
s l u r r y  gun w i t h  an a tomizer .  

The purpose o f  t he  r e f r a c t o r y - l i n e d  d i v e r g e n t  t h r o a t  i s  t o  i nc rease  t h e  mass 
r e c i r c u l a t i o n  r a t i o  and t h e r e f o r e  t o  s t a b i l i z e  t h e  f l ame b o t h  aerodynamica l l y  and 
the rma l l y .  
combust ion e f f i c i e n c y .  The a t o m i z e r ' s  p r o d u c t i o n  o f  r e l a t i v e l y  f i n e  CWS d r o p l e t s  
combined w i t h  t h e  o v e r a l l  b u r n e r  aerodynamics has y i e l d e d  acceptab le  s t a b i l i t y ,  over a 
t o  1 load  turndown range. 
demonstrated w i t h  t h i s  bu r t i e r /a tomize r  combina t ion .  P r e l i m i n a r y  da ta  documenting t h i s  
performance w i l l  be covered i n  t h e  f o l l o w i n g  sec t i on .  

COMBUSTION TESTING 

The combustion performance o f  t h e  CWS burner  was op t im ized  and e x t e n s i v e l y  eva lua ted  a t  
a commercial l o a d  wh ich  ranged f rom 20 t o  80 MMBTU/hr. These t e s t s  were conducted i n  
C-E's F u l l  Sca le  Burner  F a c i l i t y  (FSBF).  
p a r a m e t r i c a l l y  i n v e s t i g a t e d  on bo th  CWS and pa ren t  coa l  so t h a t  a mean ing fu l  combustion 
e v a l u a t i o n  o f  CWS c o u l d  be made v i a  comparison t o  a known re fe rence  f u e l .  
c o n d i t i o n  ma t r i ces  f o r  each f u e l  (shown i n  Tab les  3 and 4 )  were designed t o  p a r a l l e l  one 
another  so t h a t  d i r e c t  t e s t - b y - t e s t  comparisons c o u l d  be made. 
f i r i n g  r a t e ,  excess a i r  l e v e l ,  combust ion a i r  p reheat  temperatures,  and a l so ,  f o r  CWS, 
a tom iza t i on  a i r / f u e l  mass r a t i o .  
cond i t i ons ,  o f  numerous independent parameters.  
NO , SO , and 0 ) ,  hea t  f l u x  p r o f i l e ,  c a l c u l a t e d  combust ion e f f i c i e n c y ,  f lame q u a l i t y ,  
f u g l  flgwrate/t~mperature/pressure, combust ion a i r  fl owrates/temperatures/pressures, 
a tomiza t i on  media flowrate/temperature/pressure, and a t  se lec ted  t e s t  p o i n t s  i n -s tack  
f l y -ash  sampl ing,  which i n c l u d e d  dus t  load ing ,  carbon con ten t ,  p a r t i c l e  s i z e  d i s t r i -  
b u t i o n  and i n - s i t u  r e s i s t i v i t y .  

P r i o r  t o  conduct ing  these d e t a i l e d  combust ion t e s t s ,  p r e m a t r i x  and shakedown t e s t s  were 
performed t o  q u a l i t a t i v e l y  d e f i n e  b u r n e r  performance and t o  e s t a b l i s h  t h e  probab le  
ranges o f  o p e r a b i l i t y .  
combust ion a i r f l o w  d i s t r i b u t i o n  adjustments.  
was then i n i t i a t e d  once these p r e l i m i n a r y  t e s t s  i n d i c a t e d  acceptab le  bu rne r  performance 
on cws. 

The bas i c  bu rne r  des ign  i s  adaptable t o  

The s w i r l e d  combust ion a i r  s t a b i l i z e s  t h e  f lame and c o n t r i b u t e s  t o  h igh  

Acceptab le  combust ion e f f i c i e n c i e s  have a l s o  been 

The b u r n e r ' s  combust ion performance was 

Tes t  

Tes t  v a r i a b l e s  were; 

Data  were ob ta ined,  depending on s p e c i f i c  t e s t  
These were gaseous emiss ions  (CO, C02, 

D u r i n g  these t e s t s  bu rne r  performance was op t im ized  th rough 
D e t a i l e d  pa ramet r i c  performance t e s t i n g  
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As s t a t e d  p rev ious l y ,  t h i s  paper i s  a p rogress  r e p o r t  on C-E's CWS b u r n e r  development 
program w i t h  E P R I .  

cons idered p re l im ina ry .  

As of t h e  da te  o f  w r i t i n g  (November 1982) combust ion t e s t i n g  i s  
; complete, b u t  d e t a i l e d  da ta  a n a l y s i s  i s  s t i l l  i n  p rogress .  The data p resented  must be 

( CWS Combustion T e s t i n q  

Observed CWS f lame s t a b i l i t y  and appearance ;as accep tab le  ove r  the  range o f  bu rne r  
ope ra t i on  tes ted .  
burner .  
severa l  i tems war ran t  ment ion.  
p r e v i o u s l y  discussed, f u e l  q u a l i t y  v a r i e d  apprec iab l y  f rom t e s t  t o  t e s t .  
v a r i e d  f rom 67.1 t o  70.0%. 
t o  t h i s ,  a l though da ta  p resented  he re  was w e l l  w i t h i n  measurement con f idence  l i m i t s .  

Secondly, t he  CWS was i g n i t e d  s a t i s f a c t o r i l y  i n  a co ld ,  unheated t e s t  f u rnace  u s i n g  the  
f a c i l i t y ' s  s tandard  5 MMBTU/hr n a t u r a l  gas s i d e  p i l o t  i g n i t o r .  
unusual  requ i rement  i d e n t i f i e d  f o r  i g n i t i o n .  
( w i t h  wa te r )  t he  a tomizer  and s l u r r y  gun p r i o r  t o  CWS i n t r o d u c t i o n  t o  p reven t  t h e  
a b s o r p t i o n  o f  a smal l  b u t  apparen t l y  c r i t i c a l  amount o f  t h e  s l u r r y ' s  wa te r  component. 
T h i s  was accompl ished by i n c l u s i o n  o f  a wa te r  supp ly  l i n e  t o  t h e  f u e l  p i p i n g  a t  t h e  
s l u r r y  gun. 
nozz le  pluggage d u r i n g  i g n i t i o n .  

The i g n i t i o n  procedure was as f o l l o w s .  F i r s t ,  a 5 MMBTU/hr n a t u r a l  gas s i d e  p i l o t  
i g n i t o r  was turned-on. Second, a smal l  amount o f  wa te r  was passed th rough  t h e  s l u r r y  
gun and atomizer.  
compressed a tomiza t i on  a i r  were turned-on, r e s u l t i n g  i n  s a t i s f a c t o r y  CWS i g n i t i o n .  
s i d e  p i l o t  was no rma l l y  s h u t - o f f  a f t e r  about f i f t e e n  minu tes  o f  ope ra t i on .  
bu rne r  f i r i n g  r a t e  f o r  l i g h t - o f f  was 25 MMBTU/hr and combust ion a i r  p rehea t  o f  250°F was 
u t i l i z e d .  
a n d  unpreheated s t a t e .  
r e f r a c t o r y  b lanke t  t o  s imu la te  normal f u rnace  heat  l osses  and hence a c t u a l  f u rnace  
o u t l e t  temperature,  t h e  fu rnace  w a l l  tempera ture  may have r i s e n  a t  a somewhat h i g h e r  
r a t e  than would be seen i n  an ac tua l  c lean  c o l d  b o i l e r .  
i s  r e q u i r e d  t o  be on f o r  a f i e l d  a p p l i c a t i o n  may be somewhat l onger  than  t h e  p e r i o d  
d iscussed here.  

L a s t l y ,  a l l  t e s t s  were conducted w i t h  t h e  70" spray  angle,  t ungs ten  ca rb ide  sleeved, 
"Y " - j e t  a tomizer  desc r ibed  under  a tomize r  development. 
100,000 l b s  o f  s l u r r y  th roughput  were logged on t h i s  a tomizer .  
d iameters  were p r e c i s i o n  measured b e f o r e  and a f t e r  t e s t i n g  and i n d i c a t e d  no measurable 
wear i n  t h e  c r i t i c a l  zones p r o t e c t e d  by  t h e  tungs ten  c a r b i d e  sleeve. By comparison a 
carbon s t e e l  a tomizer  was used f o r  p remat r i x  t e s t i n g ,  and w h i l e  no mean ing fu l  e r o s i o n  
r a t e  da ta  cou ld  be ob ta ined  because o f  t h e  i n t e r m i t t e n t  and v a r i a b l e  ope ra t i on ,  s i g n i f i -  
c a n t l y  g r e a t e r  wear was no ted  i n  t h i s  a tomize r  ove r  a much s h o r t e r  p e r i o d  ( i . e .  4 hours 
and 25,000 l b s .  o f  s l u r r y ) .  

I n  genera l  t h e  f lame was a t tached"  o r  n e a r l y  "a t tached"  t o  t h e  
NO major  bu rne r  o p e r a b i l i t y  problems were no ted  d u r i n g  t e s t i n g ,  a l t hough  

Because o f  t h e  CWS s to rage  tank  s e t t l i n g  problems 

Some degree o f  combust ion da ta  s c a t t e r  may be a t t r i b u t a b l e  
S o l i d s  con ten t  

There was o n l y  one 
T h i s  was t h e  n e c e s s i t y  o f  "p rewe t t i ng "  

I 

F a i l u r e  t o  f o l l o w  t h i s  procedure s i g n i f i c a n t l y  inc reased t h e  p o t e n t i a l  f o r  

Next, t he  water  was t u r n e d - o f f  and s imu l taneous ly  t h e  CWS and 
The 

Nominal 

Note, i g n i t i o n  was c o n s i s t e n t l y  ach ieved i n  t h e  t e s t  f u rnace  w h i l e  i n  a c o l d  
However, because t h e  fu rnace  was l i n e d  w i t h  a t h i n  l a y e r  o f  

Thus t h e  t i m e  t h a t  t h e  i g n i t o r  

Approx imate ly  20 hours  and 
The a tomize r  p o r t  

Parent  Coal Combustion Tes ts  

7 parent  coa l  combust ion t e s t s  were conducted t o  p r o v i d e  b a s e l i n e  da ta  t o  which t h e  CWS 
combust ion da ta  c o u l d  be compared. 
t o  a nominal  s i z e  d i s t r i b u t i o n  o f  70%-200 mesh wh ich  i s  s tandard  f o r  use as a b o i l e r  
f ue l  f i r i n g  p u l v e r i z e d  coa l .  

Parent  coa l  f u e l  i n j e c t i o n  modeled t h a t  o f  CWS so,, that  mean ing fu l  f u e l  performance 
comparisons cou ld  be made. Coal was supp l i ed  i n  dense phase" th rough a 1" ID f u e l  
admiss ion  p o r t  t o  t h e  cen te r  of a 70" d i f f u s e r  cone. I n  t h i s  way t h e  pa ren t  coa l  was 
"sprayed" i n t o  the  fu rnace  a t  t h e  same 70" ang le  as t h a t  o f  atomized CWS. 
same combust ion a i r  r e g i s t e r  was used f o r  b o t h  t h e  p a r e n t  coa l  and CWS t e s t s .  

The pa ren t  coa l  was ground, f o r  combust ion t e s t i n g ,  

Note t h a t  t h e  
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Coal was supp l i ed  i n  dense phase w i t h  a C-E developed coa l  pumping, s to rage and supply 

t r a n s p o r t  a i r  t o  f u e l  mass f l o w  r a t i o s  i n  t h e  range o f  9 t o  26. The parent  coa l  was 
pneumat i ca l l y  conveyed f rom a 30 t o n  s to rage s i l o  th rough an l a "  ID  hose t o  t h e  FSBF 
f i r i n g  f r o n t .  

Q u a l i t a t i v e l y ,  t h e  combust ion performance o f  t h e  p a r e n t  coa l  was e x c e l l e n t .  
f lame s t a b i l i t y  and appearance was s i m i l a r ,  b u t  s l i g h t l y  b e t t e r  t han  t h a t  no ted  
p r e v i o u s l y  f o r  CWS o v e r  t h e  sa;e range o f  ope ra t i on .  
b r i g h t  f lame which was always 

Parent coa l  was r e a d i l y  i g n i t a b l e  i n  a co ld ,  unpreheated t e s t  fu rnace us ing  the  
f a c i l i t y ' s  5 MMBTU/hr n a t u r a l  gas s i d e  p i l o t  i g n i t o r .  Once t h e  pa ren t  coa l  was i g n i t e d  
i n  a c o l d  fu rnace,  t h e  s i d e  p i l o t  c o u l d  be t u r n e d - o f f  between one and f i v e  minu tes  w i t h  
ma in ta ined f lame q u a l i t y  and bu rne r  s t a b i l i t y .  F o r  CWS i g n i t i o n ,  15 t o  20 minu tes  were 
r e q u i r e d  be fo re  t h e  s i d e  p i l o t  c o u l d  be t u r n e d - o f f .  
t h a t  a s i m i l a r  t ype  o f  dense-phase coa l  burner  c o u l d  be dependably i g n i t e d  w i t h  an 
e l e c t r i c  a r c  d ischarge w i t h i n  30 seconds w i t h  no supplementary i g n i t i o n  o r  s t a b i l i z a t i o n  

A d i scuss ion  o f  t h e  compara t ive  combust ion performances o f  CWS and pa ren t  coa l  f o l l ows .  

I I 
I 
1 

s ys tem( l0 ) .  Th i s  system p e r m i t t e d  dense phase pu lve r i zed ,  pa ren t  c o a l ,  t r a n s p o r t  w i t h  

j Pressure  drop  across  t h e  t r a n s p o r t  l i n e  v a r i e d  f rom 6 t o  26 ps ig .  

Observed 

The pa ren t  coa l  burned w i t h  a 
a t tached"  t o  t h e  burner .  

C-E has p r e v i o u s l y  demonstrated 

source, such as t h e  s i d e  p i l o t .  1 

Combustion Performance Comparison o f  CWS t o  Parent  Coal 

To r e i t e r a t e ,  bo th  CWS and pa ren t  c o a l  burned w i t h  b r i g h t ,  s tab le ,  "a t tached"  o r  n e a r l y  
"a t tached"  f lames ove r  t h e  bu rne r  l o a d  range tes ted .  
l o a d  was increased,  from 20 t o  80 MMBTU/hr, t he  a x i a l  f l ame  leng th  inc reased,  b u t  
s t a b i l i t y  and a t tachment  t o  t h e  b u r n e r  were main ta ined.  

F i g u r e  21  compares t h e  carbon convers ion  e f f i c i e n c y  o f  p a r e n t  coal  and CWS, as a 
f u n c t i o n  o f  excess a i r  l e v e l  a t  f u l l  l o a d  (80 MMBTU/hr). 
load, pa ren t  coa l  combusted w i t h  99 t% carbon convers ion  e f f i c i e n c i e s ,  and t h e  CWS 
combusted w i t h  e f f i c i e n c i e s  about  1% l e s s .  

Whi le  the  t rends  i n d i c a t e d  i n  t h i s  f i g u r e  a r e  t y p i c a l  o f  t hose  encountered a t  t h e  o t h e r  
l oads  tes ted ,  p r e l i m i n a r y  da ta  a n a l y s i s  i n d i c a t e s  d i f f e r e n c e s  i n  carbon convers ion  
e f f i c i e n c y  o f  as much as 4% between p a r e n t  coa l  and CWS e x i s t e d  a t  some t e s t  c o n d i t i o n s .  
Fo r  most t e s t  c o n d i t i o n s ,  however, carbon convers ion  e f f i c i e n c i e s  f o r  CWS were 
d im in i shed  no more than  1 t o  2 pe rcen t  below t h a t  o f  t h e  pa ren t  coa l .  

A comparison o f  carbon convers ion  e f f i c i e n c y  as a f u n c t i o n  o f  bu rne r  l oad ,  between CWS 
and pa ren t  coa l ,  a t  a cons tan t  30% excess a i r  l e v e l  i s  shown i n  F igu re  22. T h i s  f i g u r e  
r e i t e r a t e s  the  e f f i c i e n c i e s  no ted  i n  F i g u r e  21. Parent  coa l  was combusted w i t h  99+% 
carbon convers ion  e f f i c i e n c y  and aga in  t h e  CWS burned w i t h  approx imate ly  1% lower  
e f f i c i e n c y  over  t h e  l o a d  range presented .  
convers ion  e f f i c i e n c y  d i d  n o t  s i g n i f i c a n t l y  va ry  as a f u n c t i o n  o f  l o a d  (40  t o  80 
MMBTU/hr) a t  30 pe rcen t  excess a i r .  

F i g u r e  23 i l l u s t r a t e s  t h e  impor tance o f  good CWS a tomiza t i on  w i t h  regard  t o  carbon 
convers ion  e f f i c i e n c y .  
mass r a t i o  (A/F) was v a r i e d  about  an optimum va lue  o f  0 .11  ( i d e n t i f i e d  d u r i n g  c o l d  f l o w  
a t o m i z a t i o n  development). 
conve rs ion  e f f i c i e n c y  drops  o f f  r a p i d l y ,  w h i l e  o p e r a t i o n  a t  h ighe r  A/F r a t i o s  y i e l d s  no 
apparent  e f f i c i e n c y  change. 
r e s u l t s  (F igu re  15)  which i n d i c a t e d  r a p i d  i nc rease  i n  mean atomized d r o p l e t  s i z e  
( d i m i n i s h e d  a tomiza t i on  q u a l i t y )  as A/F decreases f rom optimum and no improvement i n  
a t o m i z a t i o n  q u a l i t y  as A/F i nc reased  f rom optimum. 

The r e s i s t i v i t y  va lues  o f  t h e  CWS and p a r e n t  coa l  f l y  ashes, measured i n - s i t u ,  a r e  g i ven  
i n  Tab le  5. 
e l e c t r o s t a t i c  p r e c i p i t a t i o n .  What i s  i m p o r t a n t  t o  no te  f rom Table 5 da ta  i s  t h e  l a c k  o f  

I t  was observed t h a t  as bu rne r  

It can be seen t h a t ,  a t  t h i s  

I' 

Note a l s o  t h a t  f o r  each f u e l ,  carbon 

A l l  o t h e r  c o n d i t i o n s  remain ing  t h e  same, a tomize r  a i r  t o  f u e l  

F i g u r e  23 i n d i c a t e s  t h a t  below t h i s  optimum va lue  carbon 

T h i s  phenomena i s  i n  agreement w i t h  c o l d  f l o w  a tomiza t i on  

These measurements i n d i c a t e  t h e  f l y  ashes apparent  c o l l e c t a b i l i t y  by 
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s i g n i f i c a n t  d i f f e r e n c e  between the  CWS and t h e  p a r e n t  coa l  f l y  ashes. 
t h a t ,  a t  l e a s t  f o r  t h i s  s p e c i f i c  case, t he  s l u r r y i n g  process had no s i g n i f i c a n t  e f f e c t  
upon f l y  ash r e s i s t i v i t y  ( i .e . ,  c o l l e c t a b i l i t y ) .  
a f u n c t i o n  o f  p a r t i c l e  s i ze .  
been analyzed, however, and a re  necessary b e f o r e  any f i n a l  s ta tements  can be made w i t h  
regard  t o  the  compar i t i ve  c o l l e c t a b i l i t i e s  o f  t he  CWS and pa ren t  c o a l  f l y  ashes. 

I n  conc lus ion ,  a l t hough  the  da ta  ob ta ined  i n d i c a t e s  s a t i s f a c t o r y  carbon convers ion  
e f f i c i e n c i e s  f o r  CWS, o t h e r  f a c t o r s  i n f l u e n c i n g  o v e r a l l  p l a n t  e f f i c i e n c y  must be 
cons idered i n  d i c t a t i n g  t h e  v i a b i l i t y  o f  convers ion  t o  CWS. 
energy p e n a l i t y  i s  i n c u r r e d  due t o  t h e  water  component i n  t h e  CWS. For  the  CWS t e s t e d  
(30% water by we igh t )  a l a t e n t  l o s s  o f  2.44 pe rcen t  thermal e f f i c i e n c y  would r e s u l t  w i t h  
s tack  gas e x i t  temperatures o f  212°F; h i g h e r  s tack  gas e x i t  tempera tures ,  r e q u i r e d  above 
s u l f u r - r e l a t e d  dewpoints,  would r e s u l t  i n  p r o p o r t i o n a l l y  h i g h e r  l a t e n t  thermal losses .  
Furthermore, based on C-E's exper ience i n  h a n d l i n g  f u e l s  on a l a r g e  l a b o r a t o r y  sca le ,  
coa l /water  s l u r r i e s  a re  l e s s  e f f i c i e n t  than o i l  f r om a p a r a s i t i c  power consumption 
s tandpo in t  f o r  s to rage,  t r a n s p o r t  and a tomiza t i on  (see Tab le  6) .  
o the rs  must be eva lua ted  i n  de te rm in ing  the  a p p l i c a b i l i t y  o f  a g i v e n  CWS convers ion .  

Th is  i m p l i e s  

F l y  ash c o l l e c t a b i l i t y  by ESP i s  a l s o  
Fly ash p a r t i c l e  s i z e  d i s t r i b u t i o n  r e s u l t s  have n o t  y e t  

1 
I' 

For  i ns tance ,  a l a t e n t  i 

These f a c t o r s  and 

SUMMARY 

A burner /a tomizer  combina t ion  has been developed by Combustion Eng ineer ing  which w i l l  
burn  CWS w i t h  s a t i s f a c t o r y  combust ion e f f i c i e n c y  ove r  a wide l o a d  range. Th is  f i r i n g  

1) Atomizer development and o p t i m i z a t i o n  us ing  an advanced C-E developed computer 
program and s t a t e - o f - t h e - a r t  spray  measurement techn iques ,  2 )  Co ld  f l o w  burner  mode l ing  
t o  op t im ize  t h e  bu rne r  r e g i s t e r ' s  aerodynamic f l o w  f i e l d ,  and 3 )  F u l l  sca le  combust ion 
m a t r i x  t e s t i n g  f i r i n g  coa l  wa te r  s l u r r y  and i t s  pa ren t  coa l  t o  c h a r a c t e r i z e  combustor 
performance and ga the r  emissions data.  

The p r e l i m i n a r y  r e s u l t s  o f  t h i s  p r o j e c t  show t h a t  t h e  developed a tomize r  e f f e c t i v e l y  
atomizes h i g h  v i s c o s i t y  CWS (up  t o  2800 CPS). 
a tomiz ing  media consumption r a t e s  were s i m i l a r  t o  those measured f o r  heavy f u e l  o i l .  
Spray d r o p l e t  s i z e  d i s t r i b u t o r s  were e q u i v a l e n t  t o  those o f  a p u l v e r i z e d  coa l  g r i n d  
( w i t h  30% i n h e r e n t  mo is tu re )  rang ing  between 115 and 150 mesh. 
s t i l l  s i g n i f i c a n t l y  l a r g e r  than  t h e  i n d i v i d u a l  coa l  p a r t i c l e s  i n  t h e  s l u r r y .  

Atomizer geometry was found t o  s i g n i f i c a n t l y  i n f l u e n c e  a t o m i z a t i o n  q u a l i t y .  
p rehea t ing  CWS p r i o r  t o  a tomiza t i on  ( t o  reduce v i s c o s i t y )  d i d  n o t  have a g r e a t  i n f l u e n c e  
and y i e l d e d  l i t t l e  improvement. 
l i m i t e d  value. 
a tomiz ing  a i r  temperature,  t h e  e l i m i n a t i o n  of  a i r  compressor i n t e r c o o l e r s  would b e n e f i t  
a tom iza t i on  a t  no a d d i t i o n a l  cos t .  
a i r  p r i o r  t o  a tomiza t i on  was found t o  be g r e a t e r  t han  e i t h e r  i n f l u e n c e  alone, however 
t h e  improvement i n  a tomiza t i on  q u a l i t y  d i d  n o t  seen s i g n i f i c a n t  enough t o  meret t h e  
a d d i t i o n a l  energy p e n a l i t y .  Fo r  combust ion t e s t i n g ,  CWS was n o t  heated and a tomize r  a i r  
was n o t  heated beyond t h e  compressor 's d e l i v e r y  temperature.  

The p r e l i m i n a r y  combust ion t e s t i n g  r e s u l t s  i n d i c a t e  t h a t ,  w i t h  t h e  proper  combina t ion  of 
burner  and a tomize r  des ign ,  coa l -water  s l u r r y  can be s u c c e s s f u l l y  burned w i t h  carbon 
convers ion  e f f i c i e n c i e s  i n  t h e  range o f  96 t o  99+%. T h i s  compares w i t h  a c o n s i s t a n t  
99+% carbon convers ion  e f f i c i e n c y  f o r  t h e  base coa l  f i r e d  under s i m i l a r  cond i t i ons .  
A d d i t i o n a l  improvements i n  CWS combust ion e f f i c i e n c y  may be p o s s i b l e  th rough f u r t h e r  
f i r i n g  system development and re f inement .  

Th i s  p r o j e c t  has a l s o  s u c c e s s f u l l y  demonstrated t h a t  coa l -wa te r  s l u r r y  cou ld  be r e l i a b l y  
i g n i t e d  i n  a c o l d  furnace u s i n g  convent iona l  i g n i t o r s  and low  a i r  p rehea t  temperatures 
(250'F). 

A l though p r e l i m i n a r y  r e s u l t s  have demonstrated s a t i s f a c t o r y  CWS combust ion performance 
on a l a r g e  l a b o r a t o r y  sca le ,  t h e r e  a r e  severa l  o t h e r  b o i l e r - r e l a t e d  areas  which must be 

\ system was developed us ing  a t h r e e  s tep  approach t o  t h e  problem. These s teps  inc luded:  

Measured a t o m i z a t i o n  q u a l i t i e s  and 

Measured d r o p l e t s  were 

However, 

Preheat ing  t h e  a tomiz ing  a i r  a l s o  proved t o  be o f  
However, because a tomiza t i on  d i d  improve s l i g h t l y  w i t h  inc reased 

The combined e f f e c t s  o f  p rehea t ing  bo th  s l u r r y  and 
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addressed b e f o r e  CWS can become c o m e r c i a l l y  v i a b l e .  
b o i l e r  d e r a t i n g ,  as w e l l  as, d i f f e r e n t i a l  f u e l  c o s t s  and convers ion  cosfs must balance ou t  f a v o r a b l y  when compared t o  c o n t i n u i n g  o p e r a t i o n  on heavy o i l .  D e t a l l e d  d iscuss ion  
o f  these f a c t o r s  i s  beyond t h e  scope of t h i s  paper, b u t  w i l l  d i c t a t e  t h e  u l t i m a t e  
v i a b i l i t y  o f  CWS as a b o i l e r  f u e l .  

Furnace s lagg ing ,  f o u l i n g  and 
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Table 1 

Analysis of Parent Coal After Cleanin 
a t  EPRI's Homer City Coal Cleaning Test Fa!ility 

"AS RECEIVED" "MOISTURE FREE" 

PROXIMATE ANALYSIS, X 

Moisture 
V o l a t i l e  Matter 
Fixed Carbon 
Ash 

ULTIMATE ANALYSIS. X 

Moisture 
Carbon 
Hydrogen 
Nitrogen 
Sul fur  
Ash 
Oxygen (d i f f . )  

GROSS HEATING VALUE 

BTU/lb 

6.4 
37.6 
53.1 
2.9 

6.4 
74.5 

5.4 
1.5 

.9 
2.9 
0.4 

13,790 

Table 2 

40.1 
56.8 
3.1 

-- 
79.6 
5.8 
1.6 
.9 

3.1 
9.0 

14,730 

Coal-Uater Slurry Properties 
CE/AFT CUS Specification 

P a r t i c l e  Size 100% minus 100 Mesh 

v iscos i ty  l e s s  than 2800 Centipoise a t  113 sec-' and 
25OC (Haake Method) Newtonian o r  Pseudo P las t ic  
Behavior 

Greater than 30% by weight (dry) V o l a t i l e  Matter 

AFT Coal-Water Slurry Analysis 

Total Molsture, X 
Solids Content, X 

Proxlmate Analysis, X 

Moisture 
Vo la t i le  Matter 
Fixed Carbon 
Ash 

Ultimate Analysls, X 

Moisture 
Hydrogen 
Carbon 
Sul fur  
Nitrogen 
Oxygen ( d i f f . )  
Ash 

Gross Heatlng Value 

BTU/1 b 

31.0 
69.0 

"AS RECEIVED'' 

31.0 
27.1 
40.1 

1.8 

31.0 
3.8 

56.1 
.6 

1.1 
5.6 
1.8 

10,170 

"MOISTURE FREE" 

39.3 
58.1 
2.6 

5.5 
81.3 

.9 
1.6 
8.1 
2.6 

14.740 

I 
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TANK TRUCK ARRIVING AT ALTERNATE FUELS HANDLING 
FACILITY WITH A LOAD OF COAL-WATER-SLURRY 
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Photo 2 

THE 15,000 GALLON STORAGE TANK 
TRANSFERRING COAL-WATER-SLURRY FROM TANKER TO 

51 



Figure 3 SIMPLIFIED PROCESS D I A G R A M  
FOR BENEFICIATIONlFUEL BLENDING 

WEIOOBELT DEVELOPED BY AFT 1-1 ,+loo YEEM (AGULFLWESTERNW.) 
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Figure 4 

T Y P I C A L  C O A L l W A T E R  S L U R R Y  

V I S C O S I T Y  v s  S H E A R  R A T E  
DATA SUPPLIED 8 V  AFT 
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SHEAR RATE, SEC-l  
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Figure 5 

ALTERNATE FUELS HANDLING AND FIRING SYSTEM SCHEMATIC 
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S I M P L I F I E D  C O A L - W A T E R - S L U R R Y  
F I R I N G  S Y S T E M  S C H E M A T I C  
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Figure 7 

C R I T I C A L  D I M E N S I O N S  "Y' JET ATOMIZER DESIGN 
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Figure 13 
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Figure 19 
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Figure 20 
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Figure 21 
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Table 5 

FLY ASH RESISTIVITY MEASUREMENTS 

, FUEL - 

CUS 

CUS 

CUS 

Parent Coal 

Parent Coal 

Parent Coal 

Parent Coal 

LOA0 
( 106etu/hr) 

40 

60 

60 

40 

60 

60 

80 

EXCESS A I R  

30% 

30% 

30% 

30% 

30% 

30% 

30% 

COKiUSTION A I R  TEMPERATURE 

(OF) 

250 

250 

400 

250 

250 

400 

250 

FLY ASH RESIST IV ITY 
(OM-CM) 

1.8 x 108 

2 .1  x 108 

2.9 x 108 

2.0 x 108 

2.4 x 108 

3.1 x 10' 

3.0 x 10' 

Table 6 

FUEL SYSTEM POWER CONSUMPTION 

One Elevation 800 MMBTWHR Heat Input 
(BASED ON LARGE SCALE LABORATORY TESTING) 

Oil Coal-Oil Coal-Water 
(MMBTWHR) (MMBTWHR) ( M M B N / H R )  , 

STORAGE NONE 0.13 0.02 

TRANSPORT/FEED 1.71 2.24 2.24 

BURNER/ATOMIZER 4.40 5.00 4.60 

TOTAL 6.11 7.37 6.86 

- - - 
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SMALL ( 5  MILLION BTU/HR) AND LARGE ( 3 0 0  MILLION BTU/HR) TIllGZMAL TEST RIGS 
FOR COAL AND COAL SLUIIIIRY nuRNm DEVEMPMENT 

J W Allen - BSc, PhD, CEng, M Inst E 
P R Beal - BSc 
P F Hufton - BSc, CDng, MI Mech E 

NE1 International Combustion Ltd 
Sinfin J.ane 

Derby 
DE2 9G.J 
England 

1. INTRODUCTION 

Thermal test rigs have been used by NE1 International Combustion over the 
past 25 years for the evaluation and development of burner systems for both 
industrial and utility boilers. Initially, the rigs were little more than 
open hrick containers which have evolved to the water-cooled gas-tight 
chamber currently in use to enable the development of low excess air combus- 
tion systems as demanded by mtrket forces and the need for more effective 
fuel utilisation. A msjor step forward in thermal test rig facilities 
occurred in 1973 with the construction of what is probably the largest and 
most comprehensively instrumented burner test rig in the Western Hemisphere. 
The rig design had to meet all of the known oil burner performance require- 
ments at that time, and also be sufficiently flexible to meet the predicted 
requirements of the succeeding 10 - 12 years. This rig is still in operation 
today and is currently undergoing the next major step change in conversion to 
enable pulveriscd fuel, coal slurries and gas burner systems, sized up to 
300 million BTIJ/Hr, to be developed. 

A complementary small scale thermal test rig facility, rated at around 5 
million HTU/hr was also provided in 1975 to allow fundamental combustion 
studies and the development of new ideas in burner design and operation to 
take place at a more economical level in comparison with the operation of 
the large test rig. 

Both these mnjor step changes in the large scale thermal test rig capabili- 
ties have been dictated by market forces. Initially the need was to develop 
low excess air oil burners utilising the almost continuously deteriorating 
quality fuel oils supplied to the utility boiler industry. The current need 
is to meet the renewed interest in coal utilisation now that it is realised 
that fuel oil supplies are not infinite and consequently will be subject to 
continual increases in price with little or no guarantee as to quality and 
availability. 

Although it is not universal practice to test hurner systems for large boilers 
prior to site installation, the availability o f  a full-scale thermal test rig 
enables the development of a tailor-made burner system to suit a particular 
installation. Customers can see a proposed burner system in operation and 
any changes required, because of alterations in operating procedures or vari- 
ations in fuel properties, can be accommodated. These investigations,into 
altered conditions,can be made quickly and economically compared with on site 
investigations and without interruption to the customers operating schedule. 
Markets for new fuels, such as coal slurries, can be pursued without relying 
on potential customers to provide full-scale test facilities. 
until the firing of coal-water and coal-oil slurries becomes universally 
accepted, there should be an increasing demand for off-site demonstrations 
of the capabilities of these new burner systems. Thc operation of a full- 
scale thermal test rig is therefore an essential piece of equipment for any 
burner manufacturer to achieve and maintain a leading position in the supply 
of combustion systems to the International utility boi ler  market. 

In fact, 
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2. The Large ( 3 0 0  million BTU/Hr) Thermal Test Rig at Derby 

2.1 General Description of the Rig and its Capabilities 

The original design of the large thermal test rig at Derby was ambitious, 
as it had to meet the requirement of NE1 International Combustion to 
maintain its leadership in oil burner performance in the Western Hemis- 
phere. A major requirement was that of sheer size. The combustion 
chamber dimensions had to be such that complete combustion could be 
obtained,upstream of gas sampling positions, with burner systems(firing 
up to 9 tonnes/hr of fuel oil) designed to produce long narrow flames 
typical of burners designed for tangential firing applications and those 
designed to produce more compact large diameter flames typical of front 
wall firing applications. These considerations resulted in a combustion 
chamber of internal dimensions 2l.J’t m (70 ft) long by 5.49 (18 ft) 
square cross section. Cooling of the combustion chamber is achieved by 
means of static water sandwiched between inner and outer steel skins on 
the side walls and end wall of the chamber remote from the burner. The 
centre section of the burner wall is built entirely of refractory to 
enable easy changing of burner configurations, the roof is also entirely 
water-cooled and the hearth covered with a layer of refractory pebbles 
on a bed of sand. 

Oil storage is provided by two lagged and steam heated storage tanks, 
each of 45460 litres (10,000 gallons) capacity. Oil is transferred from 
the tanks, via a low pressure transfer pump,to a primary pumping and 
heating circuit capable of delivering oil at a pressure of 44.8 bar 
(650 lbs/in’) at up to 13640 kg/hr (30,000 lbs) and a viscosity of 70 
Redwood No 1 seconds (16 cS, 80 SSU). A second pumping and heating 
circuit was installed,at a later date, enabling an oil delivery pressure 
up to 83 
to be achieved. This secondary pumping heating system was used partic- 
ularly in a study of the combustion of fuel oils containing a high 
percentage (up to 14%) of hard asphaltenes. 

Combustion air is supplied to the burner windbox by a four-stage axial 
flow fan capable of supplying 37.77 d/sec (80,000 ft’/m) of combustion 
air at a maximum pressure of44.8 mbar (18 ins water gauge). 
levels from the fan are controlled by axial flow silencers immediately 
upstream and downstream of the fans and air flow rate is indicated by a 
venturi meter. Coarse air flow control is via the number of fan stages 
brought into operation and fine control is achieved by a remotely con- 
trolled butterfly damper. 

All the flows to the rig are controlled from an operating console sit- 
uated at the end of the combustion chamber remote from the burner. From 
this position the rig operator can observe an end view of the flame 
through a glass porthole. A comprehensive gas analysis system is also 
housed adjacent to the control console. 

During the operation of a burner test, gases are sampled from the 2.74 m 
(9 ft) diameter 18-29 m(60 ft) high refractory lined stack, at a point 
some 10.67 m ( 3 5  ft) above ground level located in the stack. At this 
same point a platform has been erected to enable the isokinetic sampling 
of the flue gases for determination of the solids burden. The gas anal- 
ysis instrumentation provides a continuous record of @ ,  CO, and 
NOx in the flue gases throughout a test. 
facility for determining the Bacharach smoke number is also available. 
Observation ports are provided along the side wall of the combustion 
chamber to enable photographs to be taken of the flames as required. 

bar (1200 lb/in2) and oil temperatures up to 2oO°C (392OF) 

Noise 

A smoke density meter and 
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Steam f o r  o i l  hea t ing  and a tomisa t ion  is a v a i l a b l e  from a package 
b o i l e r  of 4994 kg (10,980 lb)  per  hour steam capac i ty  a t  a d e l i v e r y  
pressure  o f  17.24 bar (250 lb/in2 

l lost  o i l  burner  t e s t  work i s  c a r r i e d  out  using co ld  combustion a i r .  
However, combustion a i r  preheat  can be achieved by means of  duc t  
burners  loca ted  i n  t h e  combustion a i r  supply duct ing a f t e r  t h e  a x i a l  
f low fans. l i i t h  t h i s  system i n  o p e r a t i o n  oxygen has  t o  be suppl ied t o  
t h e  combustion a i r  s t rcam t o  maintain a 21% 9 content  i n  t h e  combustion 
a i r  a t  t h e  burner  windbox. 

I n  o r d e r  t o  provide a complete burner  test f a c i l i t y ,  comprehensive lab- 
o r a t o r y  f a c i l i t i e s  and e x p e r t i s e  a r e  a v a i l a b l e  t o  provide chemical and 
phys ica l  a n a l y s i s  o f  f u e l s  and p a r t i c u l a t e s  and a l s o  isotherrn.?l test 
f a c i l i t i e s  t o  a s s e s s  t h e  q u a l i t y  of  a tomisa t ion  of  t h e  var ious  atomiser  
des igns  under t e s t .  

F igure  1 i n d i c a t e s  t h e  genera l  layout  of t h e  t e s t  r i g  and t h e  a n c i l l a r y  
supply and a n a l y s i s  equipment. 

Conversion o f  t h e  Rig t o  Provide a Coal and Coal S l u r r y  F i r i n g  
C a p a b i l i t y  

The o h j e c t  of t h e  conversion e x e r c i s e  is t o  maintain t h e  e x i s t i n g  o i l  
f i r i n g  c a p a b i l i t y  and provide t h e  f a c i l i t y  f o r  f i r i n g  pulver i sed  f u e l ,  
c o a l  s l u r r i e s  (e.g. c o a l  water  or c o a l  o i l  mix tures)  and gas  a t  s i m i l a r  
maximum hea t  input  r a t e s  of around 700 m i l l i o n  BTU/hr. Both l i g h t  and 
dense phase systems f o r  t h e  f i r i n g  o f  pu lver i sed  f u e l  a r e  incorporated 
and t h e  c o a l  s l u r r y  f i r i n g  f a c i l i t i e s  a r e  designed t o  handle  c o a l  water  
mixtures  conta in ing  up t o  75% c o a l  and c o a l  o i l  mixtures  wi th  up t o  50% 
coal .  A t y p i c a l  B r i t i s h  F a s t  Midlands steam r a i s i n g  c o a l  of 15% ash  
conten t  (dry  b a s i s )  and 7220 Kcals/kg (13,000 DTU/lb) c a l o r i f i c  value,  
was usad a s  t h e  b a s i s  of des ign  c a l c u l a t i o n s  f o r  t h e  conversion exercise .  

The problems t o  be overcome i n  t h e  conversinn e x e r c i s e  were t h e  deposi-  
t i o n  and c o l l e c t i o n  of ash ,  both wi th in  and o u t s i d e  t h e  t e s t  r i g  ( t o  
s a t i s f y  Local Author i ty  r e g u l a t i o n s ) ,  t h e  provis ion  of a combustion a i r  
pre-heat ing c a p a b i l i t y ,  and t h e  des ign  of conveying systems f o r  dense 
phase and l e a n  phase p u l v e r i s e d  f u e l  and f o r  c o a l  s l u r r i e s .  

Local Author i ty  environmental  requirements  restrict s o l i d s  d ischarge  
f r o m  t h e  r i g  s t a c k  t o  72 kg/hr (158 lb/hr) .  Therefore ,  i n  ordcr  t o  cope 
with t h e  maximum c o a l  f i r i n g  r a t e  of 10 tonnes/hr  with a 15% ash  c o a l ,  
t h e  waste  gases  leav ing  t h e  r i g ,  a t  about  1000OC (18)O°F), must be con- 
d i t i o n e d  and cleaned b e f o r e  be ing  d ispersed  t o  t h e  atmosphere. The 
system decided upon for gas  condi t ion ing  and c leaning  comprised a h igh  
pressure  hot  water  waste  hea t  b o i l e r  followed by a mult i -cyclone d u s t  
c o l l e c t o r .  An induced draught  f a n  a f t e r  t h e  d u s t  c o l l e c t o r  conveys t h e  
cooled c l e a n  gases  i n t o  t h e  s t a c k  and t h u s  t o  atmosphere. 
t i o n  of t h e  waste  hea t  recovery  system al lowed t h e  provis ion  of pre-heat 
to t h e  combustion a i r  and pr imary a i r  (conveying lean  phase pulver i sed  
f u e l )  v i a  high p r e s s u r e  h o t  water  hea t  exchangers  loca ted  i n  t h e  approp- 
r i a t e  a i r  ducts. 
v i a  a s e r i e s  of forced draught  dump c o o l e r s  l o c a t e d  remotely from t h e  
test r i g  and o p e r a t i n g  i n  t h e  c losed  c i r c u i t  mode i n  l i n e  with t h e  waste  
hea t  b o i l e r .  
exchangers a t  a tempcra ture  of 
(440 lbs/ in2 ) provid ing  121OC (250OF) pre-heatofor  t h e  primary a i r  l e a n  
phase pulver i sed  f u e l  conveying and 177OC ( 3 5 0  F)  preheat  f o r  t h e  second- 
a r y  combustion a i r .  The system of duct  burners  and oxygen i n j e c t i o n  is 
r e t a i n e d  i n  order  t o  provide increased  secondary ( o r  combustion) a i r  
pre-heat as required.  

2.2 

The incorpora-  

Surp lus  h e a t  from t h e  waste  h e a t  b o i l e r  is d i s s i p a t e d  

l ia te r  is s u p p l i e d  from t h e  waste  hea t  b o i l e r  t o  t h e  h e a t  
218Oc (425*F) and pressure  of  30 b a r  

6 4  



- 4 -  

In addition to collection of ash outside the combustion chamber it is 
anticipated that up to 50% of the total ash content of the coal could 
be Collected inside the chamber. To facilitate the removal of this ash 
and any spillages of unburnt pulverised fuel the existing refractory 
Pebble floor is to be replaced by a water-cooled floor of similar design 
to the side walls as mentioned in section 2.1. As the existing mode of 
operation for the development of low excess air oil burners iS to be 
maintained a water-cooled door has been provided in the rig back wall 
enabling combustion gases to h.? diverted either directly,or via the 
waste gas conditioning system,to the existing stack 

Coal conveying is to he based on a dense phase system either feeding 
directly to a purpose designed burner system or into a pre-heated primary 
air system giving the required air dilution to provide a lean phase pul- 
verised fuel firing facility. 

The dense phase system comprises a pressurised double-blow tank unit fed 
from a 20 tonne pulverised coal storage silo. Nitrogen purge facilities 
and continuous temperature monitoring of the storage silos are provided 
in order to minimise the explosion risk. The dense phase system will 
allow pulverised fuel to be conveyed in relatively small diameter pipe- 
lines, compared to the more conventional lean phase firing systems, which 
could be an important consideration when boiler changeovers from oil to 
coal firing are contemplated and the existing access to the boiler fronts 
is limited. Fuel flow rates from the dense phase system will be monitor- 
ed by load cells located in the blow tank system. 

The slurry feed system comprises a storage tank which can be stirred and 
heated continuously, and a mono-pump with facilities for flushing out the 
complete system after any particular firing exercise. Slurry flow will 
be monitored by a 'Doppler Effect' flow meter, with the slurry contin- 
uously circulated around the pump and storage tank and taken off as re- 
quired to the burner system. 

A facility for continuous data logging of fuel flows, gas flows, gas 
analysis and temperature is to be provided and this microprocessor con- 
trolled unit will also provide a central control over all the operating 
parameters, giving a continuous visual display of the levels of the 
parameters throughout a test run. An instant print-out of these para- 
meters can be obtained at any selected point in the test run. Figure 2 
shows the general layout of the test rig after the conversion to pro- 
vide this multi-fuel burner development facility and Figures 3 and 4 
show details of the pulverised fuel and coal slurry conveying systems. 

The conversion programme is to take place in two phases - the first 
phase will provide facilities to enable a maximum of 3.5 tonnes/hr of 
coal to be fired either in dense phase or slurry form. Limiting the 
firing rate to this level removes the necessity for the provision,of gas 
cleaning to meet the environmental emission levels and enables exper- 
ience of operating the rig under coal firing conditions to be obtained 
more quickly. Phase 2 of the conversion involves installation of the 
gas conditioning dust cleaning plant to allow the operation at the full 
fuel rating. The conversion work is expected to be completed and the 
rig fully operational during the first half of 1983. 

I 

\ 
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Attention has also had to be given to the sound levels from equipnent to 
be provided in the conversion work. 
operating personnel, the sound pressure level from any individual item 
of plant will not exceed 90 dBA at 1 metre and secondly, because the rig 
will operate within the proximity of a local housing estate, the maximum 
sound power level from the complete plant is limited to 117 dBA, ref. 
10- watts, with a boundary condition of 65 dBA at 200 metres. 

Firstly, for the protection of 

3. The Small ( 5  million BTU/hr) Thermal Test Rig at Derby 

Fundamental combustion studies and particular aspects of burner systems devel- 
opment work can be carried out quickly and economically on this small rig. 
The rig is linked to the same gas analysis system as the large r i g  and is 
equipped for oil, gas and coal slurry firing, additionally a combustion air 
preheater is available capable of delivering combustion air at up to 425OC 
( 8OoOF). 

The combustion chamber comprises a water-cooled mineral wool lined steel 
cylinder 4 m (13 ft) long by 1.1 m (3.75 ft) diameter, with a 5.2 m (17 ft) 
refractory lined stack equipped with gas sampling and temperature measurement 
points. Observation ports are provided on the combustion chamber axis, close 
to the burner and in the chamber rear wall. Compressed air and steam are 
available for fuel atomisation purposes as are pumping and circulating trains 
for oil fuels and coal slurries. 
capable of burning 125 kg/hr (275 lbs) of gas oil and 205 - 230 kg/hr (450 - 
500 lhs) of coal water slurry or their equivalent. 
layout of the small scale rig and its ancillary equipment. 

At a 5 million BTU/hr rating this rig is 

Figure 5 shows the general 

4. Work on Coal Slurry Utilisation 
r 

4.1 Coal Water Mixtures 

Recent work based on the small scale rig has concentrated on investiga- 

handling equipment and burner design. In the initial stanes of the work 
considerable problems were encountered with blockages in pipelines and 
burner heads because of the instability and excessive proportion of over- 
size coal particles (ca 500pm) in the coal water mixtures. 

These early experiences enabled the compilation of a qeneral specifica- 
tion for coal water mixture properties and associated handling equip- 
ment to be used as a basis for the successful development of a coal 
water combustion system. These desirable features can be listed as 
follows:- 

4.1.1 Combustion and Handling Equipment 

tions into the properties of coal water mixtures and their influence on ! 

$ 

Atomisers should be based on an external mix air ntomiser design 
avoiding sudden changes in direction and diameter in the coal 
water mixture conveying system which tends to deposit the coal 
from the slurry and can be points of excessive wear, particularly 
in atomiser components. Steam atomisation is to be avoided since 
the additives used to stabilise the coal water mixture can break 
down at temperatures above 60OC (14OOF). 

Coal water mixtures should be fed to the burners via a continuous 
recirculation system (see Fig. 5 )  and particularly in the case of 
intermittent rig work, facilities should be provided for water 
flushing of all the feed lines and valves after each run. It 
Should also be noted that a coal water mixture can freeze in 
ambient temperatures of O0c (32OF) or less and provision should 

66 
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he made for some formof trace heating, subject to the temperature 
limitations mentioned above, where these conditions can occur. 

4.1.2 Coal Water Mixture Properties 

Coal particle size in the coal water mixture should he a maximum 
of 259111 and the coal volatile matter (dry basis) a minimum of 
25%. There should he little or no settling out during transporta- 
tion and any settling which does occur should be easily overcome 
by a simple recirculation system a s  described earlier. 

The properties of the coal water mixture used in the small scale 
test work at Derby are given in Table 1. 

TMLE 1 

Coal It'ater Mixture Properties 

1.1 Proximate Analysis Coal in 
Slurry Oriqinal Coal 

Ash % (dry basis) 3.0 1.8 
Volatile Matter (dry basis) 35.5 37.4 

Sulphur 1.24 1.02 
Fixed Carbon 61.5 60.8 

Inherent coal moisture 4% 

1.2 Ultimate Analysis Coal in 
Slurry Oriqinal Coal 

C 
III 
N2 
Ash 
s (pyritic) 
S (sulphatic) 
s (organic) 
9 (by difference) 

83.4 
5.2 
1.8 
3 - 0  
0.55 
0.04 
0.65 
5.36 

04.5 
5-4 
1.8 
1.8 
0.34 
0.05 
0.63 
5.48 

1.3 Confirmatory Analysis 

The above analyses were supplied by the coal water mixture 
supplier, confirmatory proximate analysis carried out at 
the Derby laboratories on the coal slurry was as follows:- 

As Received Dry Basis 

Moisture % 26.9 - 
Ash % 1.36 1.86 

28- 85 75-36 Volatile Matter % 
Fixed Carbon % 45-89 62.78 
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1.4 Physical Analyses 

Sieve Analysis of Dry Sample - % 

+ 30 mesh (57Opm) - 30 mesh + 60 mesh (25Opm) - 60 mesh +lo0 mesh (15Opm) 
-100 mesh +2o0 mesh ( 7Wm) 
-200 mesh +300 mesh ( 45pm) 
-300 mesh 

Nil 
0.42 
5.02 

18-55 
9.93 

66.08 

Viscosity Data up to 6OoC 

Taken by a Contraves RMl5 viscometer shear prior to measure- 
ment 30 sec-’- 

Temperature (OC) Viscosity (centistokes) 

19.5 
30.0 

60.0 

40.5 
50.0 

9 89 
765 
621 
641 
576 

Surface Tension 

Liquor extracted from the slurry 57 dyne cm-. 

The coal water slurry is in fact derived from a coal beneficiation 
process and the properties of the original coal are included in 
Table 1 for comparison purposes. The coal water mixture meets the 
desired specification levels with regard to coal particle size, 
coal volatile matter and stability and has proved very easy to 
handle through the small scale thermal test rig pimping system 
described earlier. 

4.2 The Influence of Coal Water Mixtiire Properties on Burner Design 

Although, generally speaking, coal water mixtures can, as claimed by the 
proprietary slurry producers, be handled like a fuel oil there is a sig- 
nificant difference in the viscosity temperature relationship of the fuels 
which must be taken into consideration in designing a burncr to handle a 
coal water mixture. 
oils are heated to around 140 C (28OoF), which helps to achieve oil drop- 
let sizes ex - the atomiser in the 60 - loop, mean size range. Equally 
good atomisation is required for coal water mixture combustion in order 
to achieve rapid evaporation of the water content and release of the coal 
volatiles necessary to establish stable ignition conditions. 

Typical viscosity/temperature curves for fuel oil and coal water mixtures 
are shown in Figure 6 and these, together with the slurry temperature/ 
stability relationships mentioned in Section 4.1.1, preclude heating as 
a method of significant viscosity reduction with coal water mixtures. 

Normallyd to produce good atomisation, heavy fuel 
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Two possibilities were considered for the required viscosity reductions: 

1 

1 

1 

1) 
coal water slurry. In order to be effective both techniques have to be 
applied to the fuel as close to the atomiser tip as possihle and aera- 
tion was chosen as the more practical proposition being more compatible 
with k n o m  twin fluid atomiser design techniques. 

Figure 7 shows the theoretical viscosities obtainable by aeration of coal 
water mixtures, based on calculation techniques used in viscosity blcnd- 
ing of oils'. 

Development of a Coal Water Mixture Burner 

Figures 8 and 9 show the general arrangement of the burner used for the 
small scale development work and a diagrammatic representation of the 
burner nozzle configuration, incorporating the viscosity reduction by 
aeration principle. 

For the initial exercise on burner nozzle development cold combustion air 
was used with the gas burner (Figure 8 )  supplying the initial preheating, 
ignition and stabilisation of the coal water mixture flame, as required. 

The nozzle design incorporates two sets of atomising air holes desig- 
nated 'shear holes' which give rise to the initial aeration (or viscosity 
reduction) process and 'swirl holes' which produce a coherent spray from 
the nozzle tip. Initial qualitative spray trials resulted in three 
nozzles, designated C, D and E, of varying shear hole/swirl hole diameter 
ratios, being selected for thermal tests. 

Isothermal spray work, using glycerine to represent the viscous cool water 
mixture, indicated that the nozzles produced good quality atomisation. 
Figure 10 shows the results of these isothermal tests. Extrapolation of 
the curves indicates that perhaps nozzle E will produce better atomisa- 
tion at hiqher fuel flow rates. 

The results of these initial thermal tests together with the variations 
in nozzle geometry are given in Table 2. In this table the 'apparent 
viscosities' calculated are based on the assumption that the atomising 
air supplied to the nozzle divides into shear and swirl air in direct 
proportion to the shear/swirl hole area ratios. 

the addition of viscosity reducing chemicals, and 2) aeration of the 

4.3 
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TABLE 2 

R e s u l t s  o f  Pre l iminary  Small S c a l e  Thermal T e s t s  on 

Coal Water Mixture Atomisers 

2.1 Nozzle C - Shear Hole/Swirl Hole Area Rat io  0.50 

Coal Water Mixture (CWM) feed  r a t e  
kgs/hr ( lbs /hr )  
Coal Water Mixture feed p r e s s u r e  b a r  ( p s i )  
Atomising a i r  p r e s s u r e  bar ( p s i )  
Atomising a i r  r a t i o  
wt a i r  : w t  CWM 
Heat input  t o  test r i g  % MCR 
Heat input  r a t i o  CWU : g a s  
Excess 9 % i n  f l u e  gas  
Flue gas temperature  OC 

110 
0.6 
4- 1 

0-48 0.36 0.29 

6.8 9-2 11.3 

779 805 820 

58 76 92 

1.6 1.5 1.4 

Apparent a e r a t e d  Clm v i s c o s i t y  CS I 300 350 400 

2.2 Nozzle D - Shear Hole/Swirl Hole Area R a t i o  0.98 

Coal Water Mixture (CUM f e e d  r a t e  
kgs/hr ( lbs /hr )  110 (21t2) 148 (325) 
CGIM feed p r e s s u r e  b a r  ( p s i )  0.6 ( 8 )  0-9 (12-5) 
Atomising a i r  p r e s s u r e  b a r  ( p s i )  4.1 (60) 4.1 (60) 
Atomising a i r  r a t i o  

Heat input  r a t i o  CW: g a s  I 6.8 9-2 

wt a i r  : w t  CWM 0.48 0.36. 
Heat input  t o  r i g  96 MCR 58 76 

182 (400) 

4.1 (60) 
1.2 (16) 

0.29 
92 

Excess 0, % i n  f l u e  gas  
Flue gas  temperature  OC 

100 150 250 Apparent v i s c o s i t y  a e r a t e d  CWM cS 

Nozzle E - Shear  Hole/Swirl Hole Area Rat io  2.0 2.3 

Coal water  mixture  (Ch'M) feed  rate 
kgs/hr ( lbs /hr )  
CWM feed pressure  bar  ( p s i )  
Atomising a i r  p r e s s u r e  b a r  ( p s i )  
Atomising a i r  r a t i o  
wt air  : w t  C1W 
Heat input  t o  r i g  % MCR 
Heat input  r a t i o  CUM x g a s  
Excess 9 % i n  f l u e  gzs  
Flue gas temperature  C 

60 100 Apparent v i s c o s i t y  a e r a t e d  CWl cS 
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The results indicate that at a heat input equivalent to the rated 
maximum of the small rig (5 million BTU/hr) the ratio of heat input by 
coal water mixture to that of stabilising gas is 11.29 : 1 when firing 
with cold combustion air in a relatively cold furnace, which is equiv- 
alent to supplying pre-heated combustion air in the temperature range 
200 - 315OC (400 - 600OF) depending upon the excess air ratios required 
for combust ion. 

Although no heat balances were performed during these first atomiser 
development tests, the flue gas temperature in Table 2 indicates a 
tendency for improved burning of the coal water mixtures as the apparent 
viscosity of the fuel was reduced by aeration. E.g. at the maximum 
firing rate of 182 k g h r  (400 lbs) of coal water mixtgre flue gas 
temperature increased from A20°C - 925OC (1500 - 1700 F )  at 1.5% excess 
oxygen for viscosity changes from 400 - 150 cS. 
The thermal work was carried out on the small scale rig with some of the 
refractory wool lining removed in an attempt to produce conditions 
similar to those in utility boiler practice with the flame exposed to 
Cool surfaces and adjacent hot flame gases. 

\ 

A completely refractory brick lined combustion chamber would obviously 
facilitate combustion stability when firing coal water mixtures, but 
work is continuing at Derby to study the effect of gas recirculation, 
the use of pre-heated air and possible a refractory quarl as an aid to 
combustion stability. \ 

i. 

I 

Gas recirculation is controlled by swirler design. The current swirler 
has a 45O vane angle and overall dimensions giving a swirl number of 1.1. 
A range of swirlers will be tested to assess the affect of recircula- 
tion of hot flame gases on the flame development. Pre-heated combustion 
air, in the range 100°C - 427OC (ZOOOF - 800OF) will be utilised for this 
purpose also. It is considered that these two methods of increasing 
combustion stability are the important factors when considering the 
application of coal water mixture firing in utility boilers. If further 
initial heating is considered necessary the use of a refractory quarl 
to supply radiant heat to the flame root will also be studied. 

5. Large Scale Thermal Test Rig Work 

The availability of the large rig for coal water mixture work depends on the 
progress of the conversion programme outlinedin Section 2.2. However, it is 
probable that this will be one of the first exercises carried out on the con- 
verted rig, using firing rates in the 2 - 5 tonnes/hr range. 
design will be based on that used for firing a 40% coal 60% oil mixture on 
the rig and subsequently on a utility boiler, but incorporating the design 
features discussed in Section 4.3, in order to producea coherent coal water 
mixture spray., The current small scale test work will indicate the level of 
combustion air preheat and swirl required to achieve stable combustion con- 
ditions. 
main body of the flame, back to the flame root, will obviate the need for 
incorporation of a refractory quarl. 

The burner 

With the larger flames it is anticipated that radiation from the 
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FIGURE 7 
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INTRODUC 

Background 

ION 

The use of residual fuel oi l  as  a u t i l i t y  boiler fuel i s  coming t o  an end. 
I t s  price has increased by more than a factor of 5 since 1973. 
has become a matter of uncertainty. 
baseload u t i l i t y  boilers, and  the Congress has  been considering mandatory 
conversion of existing oi l - f i red units t o  coal. Not surprisingly, then, u t i l i t i e s  
are aggressively searching f o r  a1 ternative fuels. 

I t s  availability 
Federal policy prohibits i t s  use in new 

One such al ternat ive may be coal-water fuel (CWF). Comprised of finely 
pulverized coal par t ic les  suspended in  water, CWF may contain 65 t o  80 percent dry 
coal by weight. 
highly loaded s lur r ies  i s  t h a t  they a re  quite fluid. 
suspensions: the coal par t ic les  do n o t  s e t t l e  during storage for  several weeks or 
even several months. Although producers d i f fe r  in the i r  methods, these propertles 
are  generally obtained by using a par t icular  coal par t ic le  size distribution for 
e f f ic ien t  par t ic le  packing coupled with the use of certain chemical additives t o  
provide good f luidi ty  and s tab i l i ty .  

The i m p o r t a n t  and somewhat surprising character is t ic  of these 
They are a lso stable 

One of the f i r s t  applications of these fuels in the u t i l i t y  industry may be 
in boilers which were originally designed for  coal f i r ing,  b u t  because of the 
price, avai labi l i ty ,  and convenience of fuel o i l ,  have been f i r ing oil instead. 
In many cases these u t i l i t i e s  never purchased, or have removed coal handling 
equipment, and many no longer have room for  coal storage piles. 
u t i l i t i e s  could be offered a coal-water fuel which could be f i red with only minor 
modifications t o  the i r  fuel oi l  handling systems, the i r  conversion t o  coal f i r ing 
would be greatly simplified a n d  l e s s  costly. The environmental problems 
associated with coal storage piles would also be avoided. 

If these 

Another possible short-term application for  coal-water fuels i s  in uti1 i ty  
boilers which were designed for oil f i r ing.  
i s  similar t o  f i r ing a moist pulverized coal, a number of problems arise. 

However, since coal-water fuel f i r ing  

78 



The coa l  p a r t i c l e  res idence t ime i n  t h e  b o i l e r  may n o t  be l o n g  enough, a t  f u l l  

load, t o  pe rm i t  good carbon burnout. 
removal system. F i n a l l y ,  t h e r e  a r e  problems associated w i t h  s lagging,  f o u l i n g ,  

depos i t ion ,  and e ros ion  which must be addressed. 
s t r o n g l y  boi ler-dependent,  must be used t o  determine whether and by how much a 

b o i l e r  must be de ra ted  when f i r i n g  coal -water  f u e l .  Use o f  coa l  b e n e f i c i a t e d  t o  
c i r c a  1% ash may lessen  t h e  d e r a t i n g  pena l t y  enough t o  make s l u r r i e s  more v i a b l e  

f o r  t h i s  app l i ca t i on .  

The b o i l e r  may n o t  have an adequate ash 

A l l  o f  these fac to rs ,  which a r e  

I' 

I 

1 
\ 

I n  t h e  f u t u r e  CWF c o u l d  f u e l  new u t i l i t y  b o i l e r s .  Such f a c t o r s  as l a n d  

a v a i l a b i l i t y ,  coa l  t r a n s p o r t a t i o n  cos ts ,  and r e l a t i v e  c a p i t a l  c o s t s  o f  f u e l  

hand l i ng  and combustion systems w i l l  d i c t a t e  t h e  f u e l  choice.  

Before coal -water  f u e l s  can f u l f i l l  t h i s  p o t e n t i a l  r o l e ,  l a rge -sca le  
combustion t e s t s  must be performed. A1 so,  l a r g e - s c a l e  f u e l  p r e p a r a t i o n  f a c i l i t i e s  

t h a t  can produce f u e l s  o f  c o n s i s t e n t  q u a l i t y  and u n i f o r m i t y  f o r  a v a r i e t y  o f  c o a l s  
must be designed and b u i l t .  

I 

To Babcock & W i l cox ' s  (B&W's) knowledge, t h e r e  a r e  a t  l e a s t  seven vendors o f  

coal-water f u e l s  who i n t e n d  t o  market t h i s  product  and who have subscale 
product ion f a c i l i t i e s .  
c u r r e n t l y  pursu ing t h e  technology and cou ld  e n t e r  t h e  marketp lace i n  t h e  near 

fu tu re .  P r i o r  t o  t h e  work repo r ted  here in ,  B&W had performed p r e l i m i n a r y  f u e l  

cha rac te r i za t i on ,  pumping, and combustion t e s t s  on  C W F ' s  f rom two o f  t hese  

vendors. The purpose o f  these f e a s i b i l i t y  s t u d i e s  was t o  determine whether these 
fue l s ,  c o n t a i n i n g  67-72% d r y  so l i ds ,  c o u l d  be handled and burned i n  a manner 

s i m i l a r  t o  r e s i d u a l  f u e l  o i l .  An e x i s t i n g  8 - m i l l i o n  B tu /h r  o i l  bu rne r  f i r e d  a t  

4 - m i l l i o n  Btu/hr  was used d u r i n g  these combustion tes ts .  
i n  des ign t o  burners p rov ided  i n  recen t  u t i l i t y  b o i l e r  o f fer ings.  

It i s  suspected t h a t  many o t h e r  o rgan iza t i ons  a r e  

Th is  burner  i s  s i m i l a r  

Resu l t s  o f  these t e s t s  were encouraging. It was concluded t h a t  s t a b l e  
i g n i t i o n  o f  CWF c o u l d  be ob ta ined  w i t h o u t  t h e  necess i t y  o f  suppor t  f ue l .  The 
range o f  s t a b l e  cond i t i ons ,  however, was more l i m i t e d  f o r  t h e  CWF t e s t s  than i t  

was d u r i n g  combustion o f  t h e  pa ren t  c o a l s  i n  t h e  convent ional  p u l v e r i z e d  form. 
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CWF p r o p e r t i e s  had a profound i n f l u e n c e  on these combustion tes ts .  F o r  

ins tance,  l a r g e  p a r t i c l e s  tended t o  p l u g  t h e  atomizer,  and h i g h  CWF v i s c o s i t i e s  

1 i m i t e d  atomizer  e f fec t i veness .  
c o n t a i n i n g  very  few coa l  p a r t i c l e s  seemed t o  be t h e  most impor tant  f a c t o r  i n  

ach iev ing  s t a b l e  i g n i t i o n .  The e f f e c t i v e n e s s  o f  a tomiza t i on  was g r e a t l y  

i n f l u e n c e d  by CWF v i s c o s i t y ,  which c o u l d  be decreased by p rehea t ing  o r  d i l u t i n g  

t h e  fue l .  
i n c r e a s i n g  temperature, v i s c o s i t y  increases w i t h  i nc reas ing  temperature f o r  

others.  
t he  combustion process p r i o r  t o  t h e  eventua l  f u l l - s c a l e  demonstrat ions o f  t h i s  new 
fue l .  

The a b i l i t y  t o  produce f i n e l y  atomized d rop le ts  

I n t e r e s t i n g l y ,  w h i l e  t h e  v i s c o s i t y  o f  some CWF f u e l s  decreases w i t h  

C lea r l y ,  more had t o  be l ea rned  about t h e  e f f e c t s  o f  CWF p r o p e r t i e s  on  

Ob jec t i ves  

The E l e c t r i c  Power Research I n s t i t u t e  (EPRI), concerned about  f u e l  

procurement f o r  i t s  planned i n d u s t r i a l  and u t i l i t y  b o i l e r  CWF demonstrat ions,  

awarded B&W a c o n t r a c t  t o  r e s o l v e  some o f  these issues. The pr ime o b j e c t i v e  o f  
t h e  program i s  t o  p rov ide  EPRI w i t h  a s tandard coal -water  f u e l  s p e c i f i c a t i o n  w i t h  
which i t  can procure f u e l s  f o r  f u t u r e  tes ts .  Since such a s p e c i f i c a t i o n  would be  

useless w i t h o u t  s tandard f u e l  c h a r a c t e r i z a t i o n  t e s t  procedures, B&W w i l l  a l s o  

recommend t e s t i n g  procedures f o r  use w i t h  CWF's. 
i n  progress,  and t h i s  paper p resen ts  some p r e l  im ina ry  exper imental  r e s u l t s .  

B&W's work on t h i s  c o n t r a c t  i s  
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EXPERIMENTAL APPROACH 

\ I n  at tempt ing t o  meet these  goals,  B&W i s  conduct ing an ex tens i ve  

exper imental  program c o n s i s t i n g  o f  work i n  f o u r  major  areas: 

0 Laboratory  f u e l  c h a r a c t e r i z a t i o n  t e s t s  
Rheology t e s t i n g  

0 Atomizat ion c h a r a c t e r i z a t i o n  
Combustion t e s t i n g  

EPRI has procured CWF's f rom f i v e  vendors t o  p rov ide  a range o f  phys i ca l  

p r o p e r t i e s  rep resen ta t i ve  o f  t h e  expected commercial product.  The vendors a r e  

each p r o v i d i n g  a CWF produced from a coa l  o f  t h e i r  own choice.  

vendor i s  producing a CWF f rom a coa l  prov ided by EPRI f rom i t s  Homer City Coal 
Cleaning P lan t .  T h i s  "c lean"  coa l  was a l s o  supp l i ed  t o  B&W t o  be f i r e d  i n  t h e  

convent ional  p u l v e r i z e d  form t o  p rov ide  a bas i s  o f  comparison o f  combust ion 
\ performance. 

I n  a d d i t i o n ,  one 

-l 

\ 
Exper imental  r e s u l t s  i n  t h e  f o u r  major  areas o f  i n v e s t i g a t i o n  w i l l  be 

c o r r e l a t e d  t o  1 i n k  CWF combustion performance w i t h  CWF phys i ca l  p roper t i es .  T h i s  
i n f o r m a t i o n  w i l l  be used t o  determine t h e  p r o p e r t i e s  a CWF must have f o r  use as a 
b o i l e r  fue l ,  and a s tandard CWF s p e c i f i c a t i o n  w i l l  t hen  be generated. 1 

\ Fue ls  Charac te r i za t i on  
\ 

The f u e l  a n a l y s i s  procedures l i s t e d  i n  Table 1 were used t o  c h a r a c t e r i z e  the  
pa ren t  coa ls  and CWF's. 
and a bas i s  f o r  assessing t h e  e f f e c t s  o f  coa l  p r o p e r t i e s  on  CWF p roper t i es .  

r e s u l t s  o f  these t e s t s  a i d  combust ion t e s t s  and i n  i n t e r p r e t i n g  hand l i ng  and 
combust ion t e s t  r e s u l t s .  

These t e s t s  p rov ide  a bas i s  f o r  comparing d i f f e r e n t  CWF's 

The 

The t e s t  procedures c o n s i s t  o f  s tandard ASTM methods, spec ia l  methods 

developed by B&W f o r  r o u t i n e  e v a l u a t i o n  of f ue l s ,  and a d d i t i o n a l  t e s t  methods 
s p e c i f i c  f o r  CWF's. The CWF v i s c o s i t i e s  were measured by a Haake Rotoviscometer, 
Model RV-100. 
Leeds & Nor thrup M i c r o t r a c  P a r t i c l e  S ize  Analyzers cove r ing  a range of 0.3 t o  300 

microns. 

The p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  CWF's were measured by two 
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The Labora to ry  Ashing Furnace (LAF), shown schemat i ca l l y  i n  F igu re  1, was 

used t o  study f a c t o r s  p e r t a i n i n g  t o  ash depos i t  f o rma t ion  i n  b o i l e r  tube banks. 
P r o p e r t i e s  o f  f l y  ash produced i n  t h i s  u n i t  a re  comparable t o  those o f  f l y  ashes 

obta ined from commercial i n s t a l l a t i o n s  when s i m i l a r  combustion c o n d i t i o n s  a re  
maintained. The LAF i s  designed t o  f i r e  l i q u i d ,  s o l i d ,  s l u r r y ,  and gaseous fue ls .  

The LAF has a nominal heat  i n p u t  o f  200,000 Btu/hr .  
p u l v e r i z e d  coa l  and l i q u i d / s l u r r y  feed systems, an approp r ia te  burner  f o r  spec i f i c  
f u e l  type, a r e f r a c t o r y  combustion chamber w i t h  a three-zone e l e c t r i c  guard 

heater ,  a water-cooled heat  exchanger, and a f l y  ash c o l l e c t i o n  system. 

feed system inc ludes  a heated 55 -ga l l on  s torage tank w i t h  an a i r  powered mixer ,  a 
Moyno pump w i t h  var iab le-speed dr ive,  feed l i n e s ,  and a water-cooled burner  w i t h  

i n t e r n a l - m i x  atomizers.  

The LAF c o n s i s t s  o f  

The CWF 

The CWF dynamic s t a b i l i t y  t e s t  equipment c o n s i s t s  o f  CWF sample conta iners,  a 

L i n g  shaker tab le ,  a G-force generator ,  and a random frequency generator. 
s imulated t r a n s p o r t a t i o n  modes and t e s t  c o n d i t i o n s  i nc luded  s h i p  (5-20 HZ and 0.6 

G I s ) ,  r a i l  (5-20 HZ and 0.6 G's) ,  t r u c k  under normal road c o n d i t i o n s  (20-100 HZ 
and 0.6 G Is ) ,  and t r u c k  under severe road c o n d i t i o n s  (100-200 HZ and 0.6 G's) .  
The dynamic and s t a t i c  t e s t  r e s u l t s  p rov ide  i n f o r m a t i o n  on the  s torage and 

t r a n s p o r t a t i o n  p r o p e r t i e s  o f  CWF's. 

The 

Rheology 

Many o f  t he  key phys i ca l  p r o p e r t i e s  o f  a CWF a re  associated w i t h  i t s  f l o w  
p roper t i es .  

t r a n s p o r t  and pumping, b u t  t h e  q u a l i t y  o f  a tomiza t i on  i s  a l s o  expected t o  be 
c o n t r o l l e d  by these p roper t i es .  S ince a tomiza t i on  q u a l i t y  has been shown t o  have 

a tremendous i n f l u e n c e  on t h e  combustion performance o f  CWF's, t h e  l i n k  between 

rheo log ica l  p r o p e r t i e s  and a t o m i z a t i o n  q u a l i t y  must be es tab l i shed .  

Not o n l y  do they determine i t s  hand l i ng  c h a r a c t e r i s t i c s  d u r i n g  

Since i t  i s  expected t h a t  t h e  combust ion c h a r a c t e r i s t i c s  o f  CWF f u e l s  w i l l  be 
s t r o n g l y  dependent on the  q u a l i t y  o f  a tomiza t i on ,  and a tomiza t i on  q u a l i t y  w i l l  
depend on the CWF f l o w  p r o p e r t i e s ,  a suppor t  a c t i v i t y  has been inc luded  t o  
i n v e s t i g a t e  t h e  rheology o f  CWF's. 

s p e c i f i c a t i o n ,  i t  w i l l  be impor tan t  t o  understand how s l u r r y  rheology a f f e c t s  
I n  the  development o f  a CWF work ing 
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t h e  o t h e r  phenomena o f  i n t e r e s t  i n  t h i s  study. 

impor tan t  t o  v e r i f y  t h a t  t h e  r h e o l o g i c a l  behavior  o f  coal -water  f u e l s  can be  
understood i n  terms o f  t h e  a v a i l a b l e  t h e o r e t i c a l  models o f  non-Newtonian f l u i d s .  

I n  p a r t i c u l a r ,  i t  i s  impor tan t  t o  show t h a t  t h e  f l o w  p r o p e r t i e s  o f  these s l u r r i e s  

i n  process p ipe l i nes ,  etc., can be  p r e d i c t e d  w e l l  enough f o r  design purposes us ing  

theory and c e r t a i n  key l a b o r a t o r y  phys i ca l  p roper t y  measurements. 

To f a c i l i t a t e  t h i s  a n a l y s i s  i t  i s  

\ 

I t  i s  be l i eved  t h a t  t h e  t ime- independent rheology o f  coal -water  f u e l s  can be 
, modeled i n  the  f o l l o w i n g  way: 

where: T = shear s t r e s s  
'y = y i e l d  s t r e s s  ( e m p i r i c a l  constant )  
k = emp i r i ca l  cons tan t  

n = emp i r i ca l  cons tan t  
= shear r a t e  

It i s  known, f o r  example, t h a t  most CWF's e x h i b i t  a y i e l d  s t r e s s  ( w i l l  n o t  

f l o w  u n t i l  the  a p p l i e d  shear s t r e s s  reaches some c r i t i c a l  va lue)  and show 
decreasing v i s c o s i t y  w i t h  i n c r e a s i n g  shear r a t e  ( n < l ) .  
c h a r a c t e r i s t i c s  can be handled i n  a s t r a i g h t f o r w a r d  manner us ing  t h i s  model. 

Both o f  these 

1 There are  comp l i ca t i ng  f a c t o r s ,  however. A l l  o f  t h e  emp i r i ca l  constants  i n  

t h e  model a re  f u n c t i o n s  o f  temperature and q u i t e  p o s s i b l y  func t i ons  o f  t ime  as 

we l l .  S l u r r y  f u e l s  a r e  known t o  e x h i b i t  t h i x o t r o p y  ( v i s c o s i t y  decreases w i t h  
i nc reas ing  time a t  cons tan t  shear r a t e )  meaning t h a t  t h e  constants  i n  t h e  

rheo log i ca l  model change as t h e  s l u r r y  f l ows  down t h e  l e n g t h  o f  t h e  p i p e l i n e .  

The approach taken i n  t h i s  s tudy was t o  use ex tens i ve  l a b o r a t o r y  v iscometer 
measurements t o  determine t h e  e f f e c t  o f  temperature,  shear ra te ,  and t i m e  a t  

cons tan t  shear r a t e  on t h e  apparent v i s c o s i t y  o f  t h e  va r ious  coal -water  f u e l s  

tes ted .  Th is  i n f o r m a t i o n  w i l l  be used t o  determine t h e  approp r ia te  va lues f o r  t h e  

constants  i n  the  r h e o l o g i c a l  model corresponding t o  va r ious  f l o w  cond i t i ons .  
Eventual ly ,  these r e s u l t s  w i l l  be c o r r e l a t e d  w i t h  p i p e  f l o w  r e s u l t s  and r e s u l t s  

from t h e  o the r  areas o f  i n v e s t i g a t i o n .  
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Atomizat ion 

A tomiza t i on  c h a r a c t e r i z a t i o n  t e s t s  a r e  performed i n  B&W's r e c e n t l y  Completed 

Atomizat ion F a c i l i t y  (F igu re  2).  T h i s  f a c i l i t y  i s  equipped w i t h  s ta te -o f - the -a r t  
l a s e r  d iagnost ics ,  and p e r m i t s  l o c a l  d r o p l e t  v e l o c i t y ,  s i z e  d i s t r i b u t i o n ,  and 

r e l a t i v e  number d e n s i t y  measurements t o  be made i n  la rge -sca le  sprays. 
dimensions o f  t h e  spray chamber a r e  8 f e e t  x 8 f e e t  x 10 fee t .  Mounted on 

opposing w a l l s  a r e  two & f o o t  x 8 - foo t  p l a t e  g lass  windows which p rov ide  op t i ca l  
access t o  t h e  spray f o r  l a s e r  measurements, v i s u a l  observat ion,  and s t i l l  and 

mot ion p i c t u r e  photography. 

The i n s i d e  

A uni form, a x i a l  f l o w  o f  a i r  c o n t i n u a l l y  sweeps through the  chamber t o  
prevent  the  bu i l d -up  o f  a " fog "  o f  very  f i n e  drop le ts .  

by a l a rge ,  f o r c e d  d r a f t  fan, and i s  s t ra igh tened  and un i fo rm ly  d i s t r i b u t e d  by t h e  
windbox. The atomizer  b a r r e l  i s  i n s e r t e d  through t h e  windbox as shown. A gas 

cleanup system a t tached  t o  t h e  downstream end o f  t h e  chamber removes most o f  t he  

spray d rop le ts  from t h e  a i r  s t ream be fo re  i t  i s  exhausted back i n t o  t h e  

atmosphere. I n  t h e  case o f  CWF, t h e  f u e l  c o l l e c t e d  i n  the  gas cleanup system i s  

pumped i n t o  a l a r g e  h o l d i n g  tank  f o r  subsequent d isposa l .  

Th i s  a i r  f l o w  i s  provided 

A 2000-gal lon s torage tank  ho lds  t h e  CWF t o  be  tested. The tank  i s  equipped 

w i t h  a low-rpm s t i r r e r .  

supply CWF t o  t h e  atomizer,  and i s  capable o f  d e l i v e r i n g  2-20 gal lons/minute of  

CWF a t  a discharge pressure o f  400 ps ig .  

e l e c t r i c  CWF hea te r  which has a 100 KW capaci ty .  
heated t o  temperatures i n  excess o f  250°F. 

A v a r i a b l e  speed, progress ing c a v i t y  pump i s  used t o  

The system i s  a l s o  equipped w i t h  an 
With t h i s  hea te r  t h e  CWF can be  

Loca l  d r o p l e t  v e l o c i t y ,  s i z e  d i s t r i b u t i o n ,  and r e l a t i v e  number dens i t y  can be  

obta ined from t h e  l a s e r  d i a g n o s t i c s  us ing  p a r t i c l e  s i z i n g  i n t e r f e r o m e t r y  (commonly 

r e f e r r e d  t o  as t h e  v i s i b i l i t y  technique).  The method requ i res  t h e  same bas ic  

o p t i c a l  equipment as t h e  dual-beam Laser  Doppler  Veloc imeter  (LDV) technique. The 

v i s i b i l i t y  and LDV techniques can p rov ide  non- in t rus i ve  l o c a l  measurements of  
i n d i v i d u a l  d r o p l e t  s i z e  and v e l o c i t y .  
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A schematic of a dual-beam LDV i s  shown in Figure 3. I t  consists of a laser ,  
beam s p l i t t e r ,  focusing lens, collection optics, photodetector, and signal 
processor. 
volume, a fringe pattern i s  formed by the interference of the two coherent beams. 
As a droplet moves across the measurement volume, i t  scat ters  l i g h t  which i s  
collected and processed by the signal processor. 
in Figure 3, and i s  know as  a Doppler burst. 

A t  the intersection of the two beams, which defines the measurement 

A typical signal i s  also shown 

The Doppler burst i s  made u p  of two components - an AC signal superimposed on 

Droplet s ize  can be determined from the 
a Gaussian "pedestal". 
used t o  determine the droplet 's velocity. 
"vis ibi l i ty"  defined as 

The period of the AC signal and the fringe spacing can be 

L a x  - Imin 

Imax + 'mi n 
Y =  

\ where Imax and Imin are  defined as shown on the figure. I t  turns out t h a t  
\ vis ib i l i ty  i s  a simple function of (D/S) (where D = droplet diameter and  S = 

fringe spacing) over a droplet diameter range of about 1O:l. By changing the 

\ 

\> 

fringe spacing, a different range of droplet diameters can be measured. 

The Atomization Faci l i ty  i s  used t o  characterize the droplet size 
distribution obtained from the same atomizer being used for the combustion t e s t s  
for  each of the CWF's. 
air/fuel ra t io ,  fuel temperature) i s  investigated. Again,  these resul ts  will be 
correlated with the resul ts  from the other areas of investigation. 

1 

1 
A variety of atomization conditions (fuel flow rate ,  

Combusti on 

Combustion tes t s  are  performed in B&W's Basic Combustion Test Unit ( B C T U )  
shown in Figure 4. I t  i s  a water-cooled horizontal furnace w i t h  a nominal f i r ing  
rate  of a b o u t  5 million B t u / h r  when f i r ing pulverized coal. 
chamber i s  cylindrical with a diameter of 4-1/2 feet ,  and i s  8 feet  long. 

The combustion 
I t  i s  
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partially lined w i t h  refractory brick t o  bring flame temperatures more in l ine 
with larger units. 
800°F combustion a i r .  
observations, and provide access for various probes for detailed in-fl ame 
measurements. 

Two separately-fired a i r  heaters are capable of supplying 
A number of viewports mounted on the furnace permit visual 

Coal-water fuel i s  supplied t o  the furnace with a system consisting of a 
500-gallon storage t a n k  equipped with a s t i r r e r ,  a variable-speed 
progressing-cavity pump, and a mass flow meter. An e lec t r ic  heater i s  also 
available for heated CWF tes t s .  A dual-fluid, internal-mix atomizer i s  used t o  
inject  the CWF into the furnace i n  the form of a fine spray. Compressed a i r  i s  
used as  the atomizing fluid. 

The burner being used i s  a research burner having four concentric a i r  zones 
which provide f lex ib i l i ty  in how the a i r  enters the furnace. 
equipped w i t h  devices for  imparting swirl t o  the flow, and another i s  equipped 
with a natural gas burner for  f i r i n g  the furnace a t  ful l  load on natural gas. The 
b u r n e r  i s  also equipped with a bluff body s tab i l izer  for improved ignition 
s tabi l i ty .  

Two of the zones are 

The combustion character is t ics  o f  coal-water fuels must be comprehensively 
studied in order to  achieve EPRI's principle objective -- the establishment of 
specifications for such fuels  with which EPRI can confidently procure the large 
quantities of CWF that  will be needed for future large-scale demonstrations. 
B&W, determining combustion character is t ics  of CWF means performing a standard 
fuel characterization program similar to  many such programs the company has 
performed in the past t o  determine the character is t ics  of other potential boiler 
fuels. Of course, each program m u s t  be tailored t o  f i t  the pecul iar i t ies  of the 
fuel being tested. 

For 

I n  the case of CWF, there a re  a number of important areas in which further 
information i s  needed before these fuels can be demonstrated on a u t i l i t y  boiler. 
Ignition s tab i l i ty ,  the excess a i r  and residence time needed for  good carbon 
uti1 ization, ash hand1 ing and deposition character is t ics ,  flame temperature, a n d  
pollutant formation must a l l  be addressed. And for  the purpose of determining the 
specifications of a CWF boi ler  fue l ,  the way these factors are affected by changes 
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i n  the various CWF properties such as, moisture content, par t ic le  size 
distribution, chemical additives, slurry rheology, and parent coal character is t ics  
must be delineated. 
a l l  of these factors and provide a maximum amount of the needed information. 

I t  i s  the purpose of the combustion t e s t  program t o  address 

Using the BCTU, B&W will re la te  combustion performance in terms of ignition 
s tab i l i ty ,  turndown, excess a i r  requirements, NOx emissions, and carbon b u r n o u t ,  
t o  slurry characteristics such as solids loading, par t ic le  size distribution, 
viscosity vs. shear ra te ,  viscosity vs. time, viscosity vs. temperature, and coal 

type. 
drop, slurry storage and handling character is t ics ,  and qual i ta t ive 
characterization of atomizer wear t o  provide the basis for  recommending a n  
acceptable range of slurry properties to  guide future development work. 

This information will be combined with an evaluation of slurry pressure 
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PRELIMINARY RESULTS 

A t  the time of writing much of the tes t ing has  been completed, b u t  only a 
small fraction of the data has been analyzed. 
results of the ent i re  program i s  therefore n o t  possible. Rather, i t  i s  our 
intention to  present in t h i s  section some examples of the type of resul ts  being 
obtained, and t o  indicate some of the trends t h a t  have been noted thus far .  

A detailed presentation of the 

Fuels Characterization 

ASTM and B&W fuel analysis procedures were applied t o  samples of the parent 

All the CWF's were prepared from 
coals and coal-water mixtures a s  show in Table 1. The resul ts  of selected 
procedures for  the CWF's are  shown in Table 2. 
high volat i le  eastern bituminous coals. Based on the volat i le  content and  burning 
profile of the CWF's, ignition and a stable flame would be expected in a burner 
and furnace designed for similar coals. Other things being equal, ignition and 
flame s tab i l i ty  of CWF's a re  strongly dependent on both volat i le  content and 
atomization quality. 
volat i le  bituminous coals with vola t i le  contents as high a s  possible. 

I t  i s  safe t o  s t a t e  t h a t  CWF should be made from high 

The five CWF's had a wide range of sol ids  contents from 69.3 t o  75.3% and 
Examples of viscosity viscosi t ies  from 510 to  1955 cp (3 100 sec-' shear rate. 

curves (viscosity versus shear r a t e )  will be presented in the discussion of the 
CWF rheology. All the CWF's tes ted were thixotropic (decreasing viscosity with 

increasing shear), while others appeared pseudoplastic (decreasing viscosity with 
increasing shear). 
desirable from a handling and atomizing standpoint. 
responses as a function of temperature. 
w i t h  increasing temperature, while several did the opposite. 

I 

time a t  constant shear), b u t  some appeared d i la tan t  (increasing viscosity with 1 

A slurry which i s  b o t h  thixotropic a n d  pseudoplastic i s  more 
The fuels exhibited different 

The viscosity of several CWF's decreased 

The par t ic le  s ize  dis t r ibut ion (PSD) of the CWF's were n o t  drast ical ly  
different. All the fuels  had a t  l e a s t  98.5% passing 50 mesh (300 microns). All 
the fuels, in general, were coarser than normal pulverized coal ( P C )  which has a 
mass mean diameter of approximately 40 microns. Four of the s lur r ies  contained 



\ 

more f i n e  m a t e r i a l  than normal PC, which has an average Sauter  mean d iameter  o f  15 

microns. Four CWF's had a t  l e a s t  70% o f  t h e  ma te r ia l  l e s s  than 200 mesh (75 
microns).  

Example p a r t i c l e  s i z e  d i s t r i b u t i o n s  a r e  presented i n  a l a t e r  sec t i on .  

I n  general ,  t h e  CWF's had a w ide r  p a r t i c l e  s i z e  d i s t r i b u t i o n  than  PC. 

A l l  t h e  CWF's had s u l f u r  contents  l e s s  than 1%, ash con ten ts  v a r i e d  f rom 1.8 
t o  7.9%. 
decrease ash and s u l f u r  l e v e l s .  The CWF's had almost i d e n t i c a l  dens i t i es .  Four  
o f  t he  s l u r r i e s  had a pH i n  t h e  range o f  7.3 t o  8.6, and t h e  f i f t h  had a pH o f  

6.0. 

Some o f  t h e  c o a l s  used t o  prepare t h e  s l u r r i e s  were b e n e f i c i a t e d  t o  

The f u e l s  were subjected t o  severa l  t e s t s  i n  o rde r  t o  p r e d i c t  t h e  d e p o s i t i o n  

p o t e n t i a l  o f  each. Depos i t i on  p o t e n t i a l  and ash chemist ry  i s  p a r t i c u l a r l y  

impor tan t  because o f  t h e  e f f e c t  on  t h e  s i z e  o f  i n d u s t r i a l  and u t i l i t y  b o i l e r s ,  

furnace heat  re lease  ra tes ,  t h e  des ign o f  hea t  t r a n s f e r  sur face ,  and t h e  number 

and placement o f  b o i l e r  c lean ing  equipment f o r  ash and s l a g  depos i t  removal. 
depos i t i on  p o t e n t i a l  of t h e  pa ren t  c o a l s  and CWF's i s  shown i n  Table 3. 

The 

Slagging p o t e n t i a l  i s  i n d i c a t e d  by Rs va lues (based on  elemental  ash 

a n a l y s i s )  and R v s  va lues (based on ac tua l  s l a g  v i scos i t y / tempera tu re  

r e l a t i o n s h i p ) .  These s lagg ing  indexes i n d i c a t e  t h a t  f u l l - s c a l e  s lagg ing  behavior  
o f  these fue l s  would be l ow  o r  medium. Some impor tan t  observat ions,  however, can 

be noted. S l u r r i e s  A and D showed a s u b s t a n t i a l  increase i n  sodium c o n t e n t  as 

compared t o  t h e  pa ren t  coa l .  The s o f t e n i n g  temperature o f  t h e  CWF's were 230 and 

350°F l ower  than t h e  p a r e n t  coal .  

\ 

F o u l i n g  p o t e n t i a l  i s  i n d i c a t e d  by Rf va lues (based on elemental  ash ana lys i s )  

and s i n t e r i n g  s t r e n g t h  va lues (based on c rush ing  s t r e n g t h  o f  s imu la ted  f u l l - s c a l e  
b o i l e r  f l y  ash produced i n  t h e  LAF). The most impor tan t  obse rva t i on  f rom Table 3 

i s  t h e  increase i n  f o u l i n g  p o t e n t i a l  o f  t h e  CWF's A and 0 compared t o  t h a t  o f  
t h e i r  pa ren t  coals.  S ince i t  has been w e l l  documented t h a t  t h e  sodium con ten t  o f  

a f u e l  p lays  a major  r o l e  i n  i t s  f o u l i n g  behavior,  t h e  severe f o u l i n g  
c l a s s i f i c a t i o n  o f  t h e  two CWF's i s  probably  due t o  t h e  increased sodium content.  

The CWF o f  vendor E a l s o  had a h i g h  f o u l i n g  p o t e n t i a l  based on elemental  ana lys is .  
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The increased d e p o s i t i o n  p o t e n t i a l  o f  two o f  t h e  CWF's and t h e  h igher  

d e p o s i t i o n  p o t e n t i a l  o f  t h e  CWF made from a h i g h l y  b e n e f i c i a t e d  coal  a re  impor tant  

from a u t i l i z a t i o n  p o i n t  o f  view. The type and q u a n t i t y  of chemical a d d i t i v i e s  

used i n  t h e  p repara t i on  o f  t h e  coal -water  f u e l  can have a s i g n i f i c a n t  i n f l u e n c e  on 

the d e p o s i t i o n  c h a r a c t e r i s t i c s .  Whi le the  t o t a l  q u a n t i t y  o f  minera l  ma t te r  i n  the 

coal can be reduced by b e n e f i c i a t i o n ,  t h e  r e l a t i v e  q u a n t i t i e s  o f  chemical elements 
i n  the  remain ing m i n e r a l s  may be a l t e r e d .  Th is  may inc rease  t h e  p o t e n t i a l  f o r  

format ions o f  troublesome, d i f f i c u l t - t o - r e m o v e  b o i l e r  depos i t s  i n  s p i t e  o f  t h e  

lower ash l o a d i n g  du r ing  u t i l i z a t i o n .  

An impor tan t  CWF p r o p e r t y  i s  t h a t  r e l a t e d  t o  the  s e t t l i n g  o f  coal p a r t i c l e s  

under s torage ( s t a t i c )  and t r a n s p o r t a t i o n  (dynamic) cond i t i ons .  F igu res  5 and 6 
show t y p i c a l  s t a t i c  and dynamic t e s t  r e s u l t s  f o r  t h r e e  CWF's (A, B, and D) .  

Several general t rends  can be s t a t e d  based on these f i g u r e s  and o the r  t e s t  
r e s u l t s .  A l l  t h e  f u e l s  e x h i b i t e d  l i t t l e  s e t t l i n g  (based on s o l i d s  con ten t )  o f  the 

l i q u i d  p o r t i o n  of  t h e  sample, b u t  a l l  con ta ined  s e t t l e d  m a t e r i a l  on the  bot tom of 
t h e  conta iner .  

s l u r r y .  

T h i s  m a t e r i a l  was approx imate ly  2 t o  4% of the  t o t a l  weight  o f  

The s e t t l e d  m a t e r i a l  ranged f r o m  a sof t -pack i n  which t h e  s l u r r y  c o u l d  be 

e a s i l y  resuspended t o  a hard-pack which r e q u i r e d  s i g n i f i c a n t  e f f o r t  t o  resuspend. 
The dynamic s t a b i l i t y  o f  t h e  CWF's appear independent o f  frequency (up t o  200 HZ)  
and a c c e l e r a t i o n  (up t o  0.6 G ' s ) .  
t r a n s p o r t a t i o n  agreed w i t h  t h e  c o n d i t i o n  o f  t h e  as-received s l u r r i e s  subjected t o  

ac tua l  t r u c k  t ranspor t .  
and 3 days were a lmost  i d e n t i c a l .  T h i s  would suggest t h a t  t h e  s t a b i l i t y  o f  CWF's 

i s  no t  dependent on the  t r a n s p o r t a t i o n  mode, b u t  can be p r e d i c t e d  from s t a t i c  t e s t  

cond i t i ons .  

amount o f  s e t t l e d  m a t e r i a l  i nc reased  du r ing  a t e s t  p e r i o d  o f  6 weeks. 
e s s e n t i a l l y  no d i f f e r e n c e  i n  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  t he  s l u r r y  

throughout the  sample c o n t a i n e r  i n c l u d i n g  t h e  s e t t l e d  m a t e r i a l  on the  bottom. 

The dynamic t e s t  r e s u l t s  f o r  s imulated t r u c k  

The s t a t i c  and dynamic t e s t  r e s u l t s  f o r  t imes o f  1, 2, 

S t a b i l i t y  was shown t o  be dependent on s torage t ime because t h e  

There was 
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Rheology 

A f i r s t  step i n  the analysis o f  the rheological properties of the various 
CWF's i s  t o  verify t h a t  the pipe flow character is t ics  of these fuels are  
predictable from laboratory viscometer measurements. A viscometer generates a 
"flow curve" relating the r a t e  o f  shear (?)  t o  the shear s t ress  ( T )  applied, o r  
alternatively, t o  the apparent viscosity I ~ ~ ( = T / J )  . Generally, such a curve can 
be used with the equations of motion a n d  continuity t o  predict pressure losses for  
pipe flow. The procedure can be reversed, however, t o  generate a flow curve from 
pipe line pressure drop measurements which can then be compared with the 
vi scometer-generated curve. 

The resul ts  of such a n  analysis for CWF - D are  shown in Figure 7. The sol id  
l i n e  represents the flow curve generated with a rotational viscometer. I t  
indicates a complicated, non-Newtonian, time-dependent rheology. The time 
dependence, as evidenced by his teresis ,  i s  typical of a thixotropic f luid ( i t s  
apparent viscosity drops with time a t  shear). The data points shown in the figure 
are generated from pipeline pressure d rop  da ta .  I t  can be seen that  the two s e t s  
of resul ts  are  in reasonably good agreement. Over the common range of shear rates 
they indicate a f luid whose viscosity increases with increasing shear ra te  ( a  
di la tant  f luid) .  The small difference i n  apparent viscosity between the two 
results i s  probably due to  a s l igh t  difference in water content of the two 
samples, a1 though i t  may be a resul t  of the time-dependent behavior (thixotropy). 
A difference in water content of as l i t t l e  as 0.1 percent could account for  the 
difference. 

I t  can be concluded from these resul ts  t h a t  the flow behavior (pipeline ' 

pressure losses, etc.) o f  t h i s  CWF can be predicted from laboratory viscometer 
measurements and existing non-Newtonian flow models. 
as these will be used extensively to  understand atomization and combustion 
results. 

Rheology t e s t  resul ts  such 
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Atomiza t i on  and Combustion 

Un fo r tuna te l y ,  few r e s u l t s  f rom the  a tomiza t i on  and combustion tasks  are 

a v a i l a b l e  a t  the t ime o f  w r i t i n g .  
been combined i n t o  a s i n g l e  sect ion.  Beyond t h i s  reason, however, t h e  combination 

i s  a n a t u r a l  consequence o f  t h e  i nseparab le  na tu re  o f  t h e  two phenomena. 
become apparent t h a t  t h e  q u a l i t y  o f  a tomiza t i on  has a tremendous i n f l u e n c e  on the 
combustion performance o f  a CWF. 
s tab le,  unass i s ted  i g n i t i o n  o f  t h e  fue l  i s  t o  be obtained. 

d r o p l e t s  ( i n  excess o f  300 m ic rons )  which w i l l  n o t  complete ly  burn, means a lower 
carbon u t i l i z a t i o n  e f f i c i e n c y .  

It i s  p a r t l y  f o r  t h i s  reason t h a t  t h e  two have 

I t  has 

P roduc t i on  o f  very  f i n e  d r o p l e t s  i s  essen t ia l  if 
Product ion o f  l a rge  

It should be apparent f rom the  l a s t  two statements t h a t  d r o p l e t  s i ze ,  and not 

coal p a r t i c l e  s ize,  determines the  s i z e  o f  bu rn ing  p a r t i c l e s  i n  a b o i l e r .  We 

b e l i e v e  t h a t  i s  the case. 

conc lus ion seems unavoidable.  

Even a t  t h i s  e a r l y  stage i n  the  data ana lys i s ,  such a 

I / I  

As an example, cons ide r  t h e  r e s u l t s  shown i n  F igu res  8 ,  9, and 10. F igu re  8 
1 shows d r o p l e t  s i z e  d i s t r i b u t i o n s  f o r  a CWF generated us ing  t h e  Atomizat ion 

F a c i l i t y .  Two curves a re  shown -- one f o r  a CWF f l o w  r a t e  e q u i v a l e n t  t o  f u l l - l o a d  

c o n d i t i o n s  a t  t h e  BCTU ( 4  x 10 B t u / h r ) ,  and t h e  o t h e r  f o r  approx imate ly  
one-quarter o f  t h a t  f low.  Note t h a t  t he  low- load d r o p l e t  s i z e  d i s t r i b u t i o n  i s  

f i n e r  than t h a t  f o r  f u l l  load. T h i s  i s  as expected s ince  t h e  a tomiz ing  a i r  f l o w  

r a t e  was h e l d  cons tan t  f o r  t he  two t e s t s ,  r e s u l t i n g  i n  a h i g h e r  a i r / f u e l  r a t i o  f o r  

t h e  l o w  l oad  cond i t i on .  

(1 

6 

'I 

, 

F igu re  9 shows f l y  ash p a r t i c l e  s i z e  d i s t r i b u t i o n s  c o l l e c t e d  du r ing  t h e  BCTU 

combustion tes ts .  F l y  ash s i z e  f o r  f u l l  l o a d  convent ional  p u l v e r i z e d  coa l  f i r i n g ,  
f u l l  load CWF f i r i n g ,  and lower  l o a d  CWF f i r i n g  a r e  shown. Coal p a r t i c l e  s i z e  

d i s t r i b u t i o n s  f o r  a convent ional  p u l v e r i z e d  coal  and CWF-A are shown i n  F i g u r e  10. 
By comparing t h e  f i g u r e s ,  i t  can be seen t h a t  CWF f i r i n g  a t  f u l l  l o a d  produces a 
coa rse r  f l y  ash than  conven t iona l  p u l v e r i z e d  coa l  f i r i n g ,  w h i l e  f i r i n g  a t  l ow  load  
produces a f i n e r  f l y  ash. Since carbon convers ion i n  t h e  BCTU i s  genera l l y  poorer  

a t  l o w  load  than  a t  f u l l  l o a d  when f i r i n g  p u l v e r i z e d  coa l ,  t he  f i n e r  f l y  ash a t  
l ow  l o a d  must be due t o  a b e t t e r  q u a l i t y  o f  a tomiza t i on  -- which i s  c o n s i s t e n t  

w i t h  t h e  a tomiza t i on  r e s u l t s  presented above. 
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This i s  only one example o f  the kind of information B&W i s  generating as p a r t  
A tremendous amount o f  d a t a  i s  being taken i n  a l l  four areas o f  the EPRI program. 

of investigation, and on a l l  the CWF's. 
information will be available for presentation a t  the National Meeting in  Seattle. 

I t  i s  expected t h a t  much of t h i s  
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Fut 

TABLE 1 

Characterization Tests 

FUEL ANALYSIS PROCEDURE -- 

Tota l  Mo is tu re  
S o l  i d s  Content 
Hardgrove G r i n d a b i l  i t y  

Proximate Ana lys i s  
U l t i m a t e  Ana lys i s  

Higher  Hea t ing  Value 
S u l f u r  Forms 

Ash Fus ion  Temperatures 
Elemental Ash Composi t ion 

Ash S i n e r i n g  S t reng th  
High Temperature Slag V i s c o s i t y  

Burn ing P r o f i l e  
V o l a t i l e  Release P r o f i l e  

BET Sur face Area 
S1 u r r y  Dens i t y  
S1 u r r y  V i s c o s i t y  vs. Temperature 

P a r t i c l e  S i ze  D i s t r i b u t i o n  

0 M i c r o t r a c  

PH 
S l u r r y  S t a b i l i t y  

0 S t a t i c  

0 Dynamic 

PARENT COAL -- 

X 

X 
X 

X 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

CWF - 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

X 
X 

X 

x 
X 

X 

X 

X 

X 

METHOD - 
ASTM (D3173, D3302) 

ASTM (D3173, D3302) 
ASTM (D409) 

ASTM (D31721 
ASTM (D3176) 

ASTM (02015, D3177) 

ASTM (D24921 

ASTM (Dl8571 
B&W 

B&W 

B&W 

B&W 
0&W 

B&W 
B&W 

B&W 

Y 

B&W 

B&W 

4 B&W 

B&W 
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TABLE 2 

CWF Properties 

FUEL PROPERTY 

S o l i d s  ( % )  

v i s c o s i t y  ( cp  0 100-1 sec) 

HHV (B tu / l b ,  as rece ived)  
HHV (B tu / l b ,  d r y )  
VM (%, as rece ived)  

VM (%, d ry )  
Ash ( 9 ,  d r y )  
S u l f u r  ( 9 ,  d r y )  

P a r t i c l e  S ize  D i s t r i b u t i o n  

\ 

! 
, 

% < 200 Mesh 
Mass Mean Diameter (mic rons)  

Sauter Mean Diameter (mic rons)  

PH 
Dens i t y  (g /cc )  

A 

75.3 

1955 

10730 
14250 

24.7 

32.8 

7.9 
0.84 

70 
59 

7 

8.6 
1.23 

SLURRY VENDOR 

B 

69.3 

1575 

9910 
14300 

26.5 
38.2 

6.3 
0.87 

78 
44 

9 

7.6 
1.22 

C 

69.4 

1550 

10180 
14670 

24.8 
35.7 

5.9 
0.81 

63 
67 

15 

7.3 
1.20 

D 

69.9 

510 

10180 
14560 

22.9 

32.7 

6.9 
0.77 

78 
48 

8 

8.1 
1.23 

E 

74.9 

520 

11380 
15190 

28.0 
37.4 

1.8 
0.91 

73 
53 

11 

6.0 
1.23 
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Figure 1.  Laboratory Ashing Furnace. 
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Figure 2. Atomization Facility 
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Figure 3. Laser Doppler Velocimeter (LVD) System 
Used to Size Particles by the Visibility 
Technique. 

TEST PERIOD = 8 WEEKS 

I 
TOP MIDDLE BOTTOM 

CWM SAMPLE CONTAINER 

Figure 5. Static Stability Test Results. 
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Figure 9. Fly Ash Particle Size Distributions. 
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Figure 10. Particle Size Distributions - Pulverized Coal and CWF - A .  

102 



PROGRESS IN THE DEVELOPMENT OF A COAL/WATER MIXTURE 
AS A FUEL OIL SUBSTITUTE 

R.  E.  Sommerlad, Vice P r e s i d e n t  
F o s t e r  Wheeler Development Corpora t ion  
1 2  Peach Tree  H i l l  Road 
L i v i n g s t o n ,  New J e r s e y  07039 
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N. R. Raskin,  Proposa l  Manager 
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F o s t e r  Wheeler Energy Corpora t ion  
9 Peach Tree  H i l l  Road 
Liv ings ton ,  N e w  J e r s e y  07039 

INTRODUCTION 

Coal /water  m i x t u r e s  (CWM) provide  b o i l e r  and furnace  o p e r a t o r s  with t h e  op- 
p o r t u n i t y  t o  r e p l a c e  n a t u r a l  gas  or o i l  w i t h  c o a l .  L W  c a n  be pumped, s t o r e d ,  
and atomized l i k e  a l i q u i d  f u e l ;  t h u s  i t  h a s  advantages  o v e r  p u l v e r i z e d  c o a l .  
However, u n l i k e  n a t u r a l  gas  o r  o i l ,  c o a l  c o n t a i n s  s i g n i f i c a n t  q u a n t i t i e s  o f  in- 
organic  m a t e r i a l  ( a s h )  which can a d v e r s e l y  i n f l u e n c e  b o i l e r  performance and f u e l -  
handl ing  equipment. Burners  can  be  modi f ied  t o  provide  s a t i s f a c t o r y  i g n i t i o n  and 
flame s t a b i l i t y  c h a r a c t e r i s t i c s  w i t h  CWM and problems a s s o c i a t e d  w i t h  n o z z l e  
l i f e t i m e  can be so lved .  However, t o  s o l v e  problems a s s o c i a t e d  w i t h  ash,  we w i l l  
probably have t o  r e s o r t  t o  c o a l  b e n e f i c i a t i o n ,  d e r a t i n g ,  or both.  Based on 
a v a i l a b l e  d a t a ,  t h e  optimum l e v e l  o f  c o a l  b e n e f i c i a t i o n  cannot  be def ined .  It 
w i l l  be determined from t r a d e - o f f s  among b e n e f i c i a t i o n ,  b u r n e r ,  and b o i l e r /  

\ furnace- re la ted  c o s t s .  

1 CWM i s  c l e a r l y  o u t s i d e  t h e  range  of f u e l  parameters  used t o  des ign  most o i l  
\ and g a s - f i r e d  u n i t s .  Not on ly  are t h e  p h y s i c a l  p r o p e r t i e s  of t h e  f u e l  d i f f e r e n t ,  

b u t  t h e  ash  and s u l f u r  c o n t e n t  of CWM i s  a t  least s e v e r a l  o r d e r s  of  magnitude 
h i g h e r  than  i t  is i n  most o i l  and gas  f u e l s .  The d i f f e r e n c e s  i n  f u e l  p r o p e r t i e s  '\ c a n  c a u s e  problems i n  v i r t u a l l y  every  p o r t i o n  of t h e  f i r i n g  sys tem/furnace .  Fig- 
u r e  1 i l l u s t r a t e s  some o f  t h e s e  problems,  which must be  addressed  and so lved  i f  
CWM i s  t o  be used s u c c e s s f u l l y .  

EFFECTS OF FUEL PROPERTIES 

Fuel  p r o p e r t i e s  and t h e  e x t e n t  of  c o a l  c l e a n i n g  w i l l  a f f e c t  t h e  p o t e n t i a l  
c o s t  of  f i r i n g  CWM i n  b o i l e r s .  Fue l  p r o p e r t i e s  w i l l  a f f e c t :  

Emission of  p o l l u t a n t s  

A v a i l a b i l i t y .  

I g n i t i o n  and s t a b i l i t y  o f  CWM flame 

I g n i t i o n  and Flame S t a b i l i t y  

S a t i s f a c t o r y  i g n i t i o n  and flame s t a b i l i t y  wi th  adequate  turndown r a t i o  a r e  
e s s e n t i a l  t o  t h e  s u c c e s s f u l  use  of CWM. I g n i t i o n  and f lame s t a b i l i t y  a r e  r e l a t e d  
and are  c o n t r o l l e d  by t h e  aerodynamics of t h e  f lame,  h e a t  t r a n s f e r  i n  and o u t  of 
t h e  i g n i t i o n  zone, and f u e l  p r o p e r t i e s .  The most impor tan t  f u e l  p r o p e r t y  i s  vol -  
a t i l i t y .  To achieve  adequate  i g n i t i o n  and flame s t a b i l i t y ,  t h e  c o a l  must be  
hea ted  t o  t h e  p o i n t  where t h e  f u e l  d e v o l a t i l i z e s  and i g n i t e s .  Although water  i n  
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CWM makes i t  more d i f f i c u l t  t o  i g n i t e  t h a n  c o a l s  with less m o i s t u r e ,  n a t u r a l l y  
occcurr ing  c o a l s  and wood bark  w i t h  up t o  60-percent  mois ture  have been success-  
f u l  l y  burned commercia 1 l y  . 

Emissions 

Many o i l -  and g a s - f i r e d  b o i l e r s  a r e  l o c a t e d  i n  areas t h a t  a l r e a d y  have s ig-  
n i f i c a n t  emiss ions  problems. Hence s t e p s  must be  taken  t o  c o n t r o l  p a r t i c u l a t e  
emissions from CWM f i r i n g  which, a l t h o u g h  g r e a t e r  than  from gas  or o i l ,  can be 
adequate ly  c o n t r o l l e d  by e l e c t r o s t a t i c  p r e c i p i t a t o r s  o r  bag f i l t e r s .  

Temperatures i n  CWM-fired b o i l e r s  may b e  somewhat lower t h a n  i n  o i l -  o r  gas- 
f i r e d  b o i l e r s ,  t ending  t o  s u p p r e s s  t h e  f o r m a t i o n  of  thermal  NO,. However, f u e l  
NO, i s  tempera ture  i n s e n s i t i v e ,  and CWM w i l l  have a h i g h e r  f u e l  n i t r o g e n  conten t  
t h a n  o i l  o r  gas .  Thus NO, emiss ions  a r e  expec ted  t o  be  h i g h e r .  NOx c a n  be con- 
t r o l l e d  by a range  o f  techniques .  Burner  and combustion m o d i f i c a t i o n s  have been 
s u c c e s s f u l l y  a p p l i e d  t o  reduce  NOx e m i s s i o n s  when combusting c o a l  t o  l e v e l s  com- 
p a r a b l e  t o  t h o s e  w i t h  o i l  f i r i n g .  

The p o t e n t i a l  f o r  s u l f u r  o x i d e  (SO,) emiss ions  can  be h i g h e r  when f i r i n g  CWM 
t h a n  f o r  o i l  or gas f i r i n g .  Even though most of t h e  c o a l s  cons idered  f o r  CWM 
w i l l  be c leaned  t o  some e x t e n t ,  t h e y  w i l l  be h i g h e r  i n  s u l f u r  t h a n  most o i l s .  
Although SO, can  be c o n t r o l l e d  by f l u e  gas  d e s u l f u r i z a t i o n  (FGD), t h i s  technique  
i s  expensive and t roublesome and is r a r e l y  used on o i l - f i r e d  u n i t s .  The a n t i c i -  
pa ted  low flame tempera tures  i n  t h e  b o i l e r  and i n t i m a t e  mixing of  water i n  CUM 
f i r i n g  o f f e r  p o t e n t i a l  f o r  removing s u l f u r  compounds i n  t h e  furnace  by i n j e c t i o n  
of calcium compounds. Furnace i n j e c t i o n  of  t h e  s o r b e n t  is  much less expens ive  
t h a n  FGD. There i s  a n  a d d i t i o n a l  advantage  t o  t h i s  approach f o r  u s e  wi th  benefi-  
c i a t e d  CWM. For  new, l a r g e  u n i t s ,  F e d e r a l  r e g u l a t i o n s  r e q u i r e  a 90-percent re- 
d u c t i o n  o f  SO, when f i r i n g  h i g h - s u l f u r  c o a l s .  T h i s  l e v e l  of removal cannot  be 
achieved s o l e l y  by s o r b e n t  i n j e c t i o n  i n  a b o i l e r .  However, s u l f u r  removed dur ing  
b e n e f i c i a t i o n  of t h e  c o a l s  i s  c r e d i t e d  toward t o t a l  s u l f u r  removal. Therefore ,  
i f  c a p t u r e  i n  t h e  b o i l e r  can  remove a s i g n i f i c a n t  f r a c t i o n  of t h e  s u l f u r ,  t h e  re- 
q u i r e d  SO, r e d u c t i o n  can be achieved .  

I 
/ 

I 

A v a i l a b i l i t y  

Fuel  p r o p e r t i e s  d e f i n i t e l y  a f f e c t  b o i l e r  a v a i l a b i l i t y .  The p o t e n t i a l  prob- 
l e m s  from f i r i n g  CWM i n  b o i l e r s  des igned  t o  f i r e  o i l  o r  g a s  a r e  worse t h a n  they 
w i l l  be when f i r i n g  i t  i n  b o i l e r s  des igned  f o r  c o a l .  The c o s t  o f  a n  i n o p e r a t i v e  
500-MWe b o i l e r  exceeds $100,00O/day. The down t i m e  of an average  c o a l - f i r e d  
b o i l e r  i n  t h e  United S t a t e s  i s  a lmost  30 days a year--at  a c o s t  of $3 m i l l i o n .  
About 60 p e r c e n t  of  t h e  down t i m e  i s  caused by b o i l e r  problems; ash  c h a r a c t e r -  
i s t i c s - - b o t h  q u a n t i t y  and q u a l i t y  o f  cons t i tuents - -account  f o r  a s i g n i f i c a n t  por- 
t i o n  of t h i s  t i m e .  

Table  1 compares parameters  f o r  gas-, o i l - ,  and c o a l - f i r e d  b o i l e r s .  Heat- 
release r a t e s  and tube-bank v e l o c i t i e s  a r e  s m a l l e r  and tube  s p a c i n g s  i n  t h e  
s u p e r h e a t e r  a r e  g r e a t e r  i n  a c o a l - f i r e d  b o i l e r .  CWM i n t r o d u c e s  more ash ,  which 
can  promote f o u l i n g ,  s l a g g i n g ,  and e r o s i o n  and i t  may c o n t a i n  corrosion-promoting 
materials. 

F i g u r e  1 shows p o t e n t i a l  problem a r e a s  where s l a g g i n g  and f o u l i n g  c a n  occur 
when f i r i n g  c o a l  i n  a u t i l i t y - s i z e  b o i l e r .  
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Table 1 C h a r a c t e r i s t i c s  of  Gas-, O i l - ,  and Coal-Fired B o i l e r s  

D e s c r i p t i o n  - Gas - O i l  Coal 

Furnace Volume, R e l a t i v e  1 1.3 1 .9  

Furnace S u r f a c e  Area, R e l a t i v e  1 1.3 1.7 

Heat Release/Volume 
( lo6  B t u / h . f t * )  

25-50 25-50 10-22 

Heat Release/Cooled S u r f a c e  200 200 70-120 
( l o 6  B t u / h ' f t 2 )  

Tube Bank V e l o c i t i e s  ( f t / s )  120 90 40-70 

Superhea ter  Spacing ( i n . )  2 4-6 8-16+ 

Diff icul t - to-remove s l a g  d e p o s i t s  reduce h e a t  f l u x  through t h e  w a l l ,  in- 
c r e a s i n g  furnace  tempera ture .  T h i s  d e p o s i t / t e m p e r a t u r e  c y c l e  c a n  r e s u l t  i n  
load r e d u c t i o n  or shutdown. 

A s  c o a l  f i r i n g  r a t e s  a r e  increased  t o  provide  h e a t - r e l e a s e  r a t e s  e q u i v a l e n t  
t o  t h o s e  r e q u i r e d  i n  an o i l - f i r e d  b o i l e r ,  s l a g g i n g  may r e s u l t .  The h i g h e r  h e a t -  
r e l e a s e  and h e a t - t r a n s f e r  r a t e s  promote m e l t i n g  of p a r t i c l e s  f l u n g  t o  t h e  w a l l  
above t h e  burners .  T h i s  a c t i o n  reduces  t h e  f u r n a c e  h e a t  e x t r a c t i o n  r a t e ,  a l lows  
h i g h e r  tempera tures  t o  e x i s t  i n  t h e  upper  f u r n a c e ,  and i n c r e a s e s  t h e  p r o s p e c t s  
of  f o u l i n g  t h e  s u p e r h e a t e r .  Consequent ly ,  s l a g g i n g  c o u l d  i n h i b i t  t h e  u s e  o f  CWM 
i n  b o i l e r s  des igned  t o  f i r e  o i l  or gas.  

TESTING 

Hydraul ic  and burner  t e s t i n g  have been performed a t  Forney Engineer ing  Com- 
pany i n  Addison, Texas. A tes t  program i n i t i a t e d  i n  1981 i n  c o l l a b o r a t i o n  w i t h  
a major Uni ted  S t a t e s  CWM vendor inc luded  requi rements  t o  s t o r e ,  pump, t r a n s p o r t ,  
and burn CWM. The h y d r a u l i c  test loop had t y p i c a l  c o n n e c t o r s  and p i p i n g ,  in- 
c l u d i n g  two 10-f t  s e c t i o n s  of  1- and 2-in. Schedule  40 pipe .  The test furnace  
i s  an 8- f t -d ia  c y l i n d r i c a l  furnace  wi th  a water  j a c k e t .  I t  i s  capable  of 70 
x I O 6  Btu/h  f o r  s h o r t  d u r a t i o n s  and up t o  40 x I O 6  Btu/h cont inuous ly .  The 
furnace  system i n c l u d e s  a f o r c e d - d r a f t  f a n  wi th  an i n - l i n e  combustion a i r  h e a t e r  
(gas  f i r e d ) ,  a s team g e n e r a t o r  f o r  a tomiz ing  steam, a n  a i r  compressor f o r  a t o -  
mizing a i r ,  and an i g n i t o r  system t h a t  u s e s  No. 2 o i l  or n a t u r a l  gas .  The 
windbox can  b e  e a s i l y  d isconnec ted  from t h e  f u r n a c e  and a i r  d u c t  t o  f a c i l i t a t e  
changing c o n f i g u r a t i o n s .  

S e v e r a l  pumps were t e s t e d .  Diaphram and vane t y p e s  were t roublesome,  
wi th  d i s c h a r g e  p u l s a t i o n s  and accumulat ions i n  t h e  l i q u i d  end. The p r o g r e s s i v e  
c a v i t y  pump was t h e  most s u c c e s s f u l  b u t  r e q u i r e d  s p e c i a l  c a r e  d u r i n g  extended 
p e r i o d s  of  shutdown. 
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Based on CWM p r o p e r t i e s ,  t h e  f o l l o w i n g  needs were i d e n t i f i e d  f o r  burner  t i p  
des ign:  

Rapid mixing of t h e  air  and f u e l  t o  d r y  and i g n i t e  t h e  c o a l  i n  t h e  primary re- 
c i r c u l a t i o n  zone. 

A s t r o n g  r e c i r c u l a t i o n  zone maintained t o  c r e a t e  a h i g h l y  r a d i a n t  burning zone 
i n  t h e  burner  t h r o a t  t o  d r y  t h e  c o a l .  

No flame c o n t a c t  on any b u r n e r  p a r t  because of  a n t i c i p a t e d  s l a g g i n g  problems. 

Convent ional  burner  p a r t s  f o r  e a s e  i n  r e t r o f i t  a p p l i c a t i o n s .  

FoKney h a s  s e v e r a l  commercial burner  des igns  f o r  v a r i o u s  a p p l i c a t i o n s :  

P a r a l l e l  A i r  Flow (PAF) 

- F a s t  mixing 

- Low e x c e s s  a i r  a p p l i c a t i o n s  

Rota t ing  A i r  R e g i s t e r  (RAR): 
Highly t u r b u l e n t  

o Variab le  Flame P a t t e r n  (VFP): V a r i a t i o n  of PAF wi th  flame-shaping a b i l i t y  
with r o t a t i o n a l  secondary a i r  r e g i s t e r .  

H i s t o r i c a l l y ,  Y - j e t  (YJ)  and i n t e r n a l  mix (IM) a tomizers  had been success-  I 

f u l l y  used w i t h  h igh-gravi ty  f u e l s .  We a t tempted  t o  adopt  t h e  b a s i c  f e a t u r e s  of  

t h a n  i n d i v i d u a l  o r i f i c e s .  Concepts  f o r  bo th  a tomizer  t i p s ,  shown i n  F i g u r e  2 ,  
have been pa ten ted .  

each  i n  two d i f f e r e n t  a tomizer  designs--both i n c o r p o r a t i n g  a c o n i c a l  plug r a t h e r  i l  

A f t e r  a m a t r i x  o f  tests i n c l u d i n g  Y J  and I M  a tomizers  i n  RAR and VFP a i r  
r e g i s t e r s ,  t h e  fo l lowing  requi rements  were noted:  

Burner  with two a i r f l o w  p a t h s  wi th  the primary p a t h  having  a r o t a t i o n a l ,  low 
f low 

8 Secondary a i r f l o w  wi th  h igh  s w i r l  t o  provide  t h e  r e c i r c u l a t i o n  zone 

Means o f  provid ing  a h i g h l y  r a d i a n t  zone a t  burner  e x i t .  

These c o n s i d e r a t i o n s  were inc luded  i n  t h e  d e s i g n  shown i n  F i g u r e  3. Thia  
p a t e n t e d  design provides  d u a l  v e l o c i t i e s  and two-throat c o n f i g u r a t i o n  t o  m a i n t a i n  
a r a d i a n t  zone a t  t h e  burner  e x i t .  A series of  t es t s  were s u c c e s s f u l l y  conducted 
under  t h e  usua l  burner  performance parameters .  
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BOILER DESIGN VS. CONVERSION POTENTIAL 

Designs of e x i s t i n g  u t i l i t y  steam g e n e r a t o r s  vary  s u b s t a n t i a l l y  depending 
upon t h e  o r i g i n a l  des ign  f u e l .  Genera l ly ,  t h e  pressure-par t  arrangement of  a 
b o i l e r  can  be c l a s s i f i e d  a s  one of  t h e  fo l lowing  types :  

0 Category A Unit--Two pass  (Coal/Oil-Gas) 

0 Category B Unit--Two pass  (Oi l /Gas)  

0 Category C Unit-- Box type  (Oil /Gas o r  Gas o n l y ) .  

The d e s i g n  c o n f i g u r a t i o n  of each type  of u n i t  g r e a t l y  a f f e c t s  i t s  convers ion  
p o t e n t i a l  i n  terms of  both c a p i t a l  e x p e n d i t u r e  and d e r a t i n g  requi rements .  Fig- 
u r e  4 shows a comparison of u n i t  c o n f i g u r a t i o n s  t h a t  w i l l  be  d i s c u s s e d .  

Category A Unit-- Two Pass  (Coal/Oil-Gas) 

Design Fea tures .  This  type  u n i t  i s  c h a r a c t e r i z e d  by a generous ly  s i z e d  fur -  
nace  ( i . e . ,  l a r g e  p l a n  a r e a  and a s u b s t a n t i a l  d i s t a n c e  from t h e  burner  zone t o  
t h e  f i r s t  v e r t i c a l  r a d i a n t  s u r f a c e  a t  t h e  f u r n a c e  e x i t ) .  These f e a t u r e s  r e s u l t  
i n  a s u f f i c i e n t  r a d i a n t  a b s o r p t i o n  i n  t h e  furnace  a r e a ,  which lowers  t h e  furnace  
e x i t  gas  tempera ture  e n t e r i n g  t h e  v e r t i c a l  convec t ion  s e c t i o n s ,  t h u s  l i m i t i n g  
s l a g  formation.  Also  t y p i c a l  o f  t h i s  t y p e  of  u n i t  is a lower f u r n a c e  hopper 
s l o p e  of at l e a s t  45 t o  50 deg and a hopper  t h r o a t  opening of  approximately 3 t o  
4 f t ,  both of which f a c i l i t a t e  bottom ash  c o l l e c t i o n  and removal. The horizon-  
t a l  convec t ion  p a s s e s  of  a Category A s team g e n e r a t o r  are des igned  wi th  adequate  
tube-to- tube c l e a r  spac ing  t o  p r o h i b i t  f o u l i n g  and p o s s i b l e  p lugging  and t o  alle- 
v i a t e  excess ive  f l u e  gas  v e l o c i t i e s  and a s s o c i a t e d  t u b e  e r o s i o n  p o s s i b i l i t i e s .  

T h i s  type  of u n i t  was o r i g i n a l l y  in tended  f o r  burn ing  
c o a l  a s  i t s  primary f u e l .  Therefore ,  it should achieve  f u l l  load  output  i f  re- 
conver ted  t o  a s i m i l a r  type  o f  c o a l  o r  a CWM. The c a p i t a l  expense of t h e  b o i l e r  
p o r t i o n  of t h e  convers ion  would be l i m i t e d  t o  re furb ishment  of o r i g i n a l  equip-  
ment, normal maintenance,  and p o l l u t i o n  c o n t r o l  upgrading,  i f  requi red .  

Conversion P o t e n t i a l .  

Category B Unit-- Two Pass  (Oil /Gas)  

Design Fea tures .  The Category B c l a s s i f i c a t i o n  i n c l u d e s  t h o s e  steam genera-  
t o r s  w i t h  a furnace  c o n f i g u r a t i o n  s i m i l a r  t o  t h a t  of  a Category A u n i t  b u t  w i t h  
a less c o n s e r v a t i v e  convec t ion  pass  arrangement .  T h i s  t y p e  of u n i t  was o r i g i -  
n a l l y  designed f o r  o i l  o r  g a s  f i r i n g .  The s i m i l a r i t i e s  i n  furnace  arrangement 
when compared wi th  t h e  u n i t  p rev ious ly  d i s c u s s e d  are r e a d i l y  apparent .  Gener- 
a l l y ,  t h e  furnace  of  a Category B steam g e n e r a t o r  is  smaller t h a n  t h a t  of  a 
Category A steam g e n e r a t o r .  S p e c i f i c a l l y ,  t h e  former has  a lower furnace  hopper 
s l o p e  and opening and t h e  f u r n a c e  p lan  a r e a  i s  n o t  a s  c o n s e r v a t i v e .  However, 
t h e  o v e r a l l  furnace  d e s i g n  f o r  t h i s  type  o f  u n i t  i s  conducive t o  t h e  f i r i n g  of 
an ash-laden f u e l .  F o r  t h i s  reason ,  based s o l e l y  on furnace  d e s i g n  c r i t e r i a ,  
a Category B u n i t  i s  a v i a b l e  c a n d i d a t e  f o r  convers ion  t o  pulver ized-coa l  o r  CWM 
f i r i n g  wi th  minimal o r  no u n i t  d e r a t i n g .  
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However, t h e  convec t ion  pass  arrangement  i n  t h i s  u n i t  can p r e s e n t  s e v e r a l  
major o b s t a c l e s  when c o n v e r t i n g  t o  c o a l  or a coa l -der ived  f u e l .  The c l e a r  spac-  
ings between t u b e  s e c t i o n s  o f  a Category B u n i t  a r e  less than  t h o s e  of s Cate- 
gory A u n i t .  I f  such a u n i t  were t o  f i r e  c o a l  or a coa l -der ived  f u e l ,  e x c e s s i v e  
f o u l i n g  or e r o s i o n  of  t h e  t u b e s  could  r e s u l t ,  s i n c e  t h e  f l u e  gas  tempera ture  and 
v e l o c i t y  of t h e  u n i t  would exceed t h e  a c c e p t a b l e  v a l u e s  €or o i l  f i r i n g .  To de- 
c r e a s e  f l u e  gas  tempera tures  and v e l o c i t i e s  so t h a t  t h e  p o t e n t i a l  f o r  f o u l i n g  or 
e r o s i o n  o f  e x i s t i n g  convec t ion  pass  t u b e  banks can  be  reduced, t h e  maximum u n i t  
load must be  r e s t r i c t e d .  These  d e s i g n  c o n s t r a i n t s  a r e  d i r e c t l y  r e l a t e d  t o  t h e  
f u e l  b e i n g  cons idered ,  p a r t i c u l a r l y  t h e  q u a n t i t y  and q u a l i t y  of i t s  ash.  There- 
f o r e ,  as might be expec ted ,  t h e  d e r a t i n g  requi rements  f o r  c o a l  and CWM vary .  

Conversion Potent ia l - -Coal .  Coal i n h e r e n t l y  has  t h e  h i g h e s t  a s h  c o n t e n t  of 
t h e  f u e l s  be ing  cons idered  and w i l l  a l s o  e x h i b i t  t h e  h i g h e s t  furnace  e x i t  g a s  
tempera ture  f o r  any p a r t i c u l a r  b o i l e r  load and furnace  s i z e .  Consequent ly ,  
t h e  p o t e n t i a l  f o r  convec t ion  p a s s  f o u l i n g  and t u b e  e r o s i o n  can restrict  t h e  max- 
imum a l lowable  o u t p u t  t o  approximate ly  70 p e r c e n t  of t h e  d e s i g n  r a t i n g  of a 
Category B Unit .  This  d e r a t i n g  requi rement  c a n  o f t e n  be minimized or e l i m i n a t e d  
through s u b s t a n t i a l  p r e s s u r e - p a r t  m o d i f i c a t i o n .  As i n d i c a t e d  previous ly ,  t h e  
furnace  of  such a u n i t  i s  normally c a p a b l e  o f  s u p p o r t i n g  f u l l  ou tput  w h i l e  f i r i n g  
c o a l ,  and t h u s  m o d i f i c a t i o n s  t o  t h e  f u r n a c e  (which would be p r o h i b i t i v e l y  expen- 
s i v e )  would g e n e r a l l y  not  be r e q u i r e d .  

Conversion Potential--CWM. Because of t h e  ash  and s u l f u r  r e d u c t i o n s  t h a t  
occur  dur ing  t h e  f u e l  p r e p a r a t i o n  p r o c e s s ,  a Category B u n i t  c a n  b e  conver ted  t o  
CWM f i r i n g  wi th  less d e r a t i n g  t h a n  would be r e q u i r e d  wi th  c o a l .  Reduct ions i n  
a s h  (approximately 70 t o  90 p e r c e n t )  and s u l f u r  (50  t o  70 p e r c e n t )  a r e  p o s s i b l e  
d u r i n g  CWM b e n e f i c i a t i o n .  Fur thermore ,  t h e  a s h  f u s i o n  tempera tures  o €  a benef i -  
c i a t e d  CWM are 100 t o  200’F h i g h e r  t h a n  t h o s e  o f  t h e  p a r e n t  c o a l .  

Consequently, h i g h e r  f u r n a c e  e x i t  gas  tempera tures  a r e  a l l o w a b l e  when f i r i n g  
CWM as opposed t o  c o a l .  In a Category B b o i l e r ,  h i g h e r  tempera tures  t r a n s l a t e  
t o  a n  a l lowable  load of  approximate ly  80 t o  90 percent  of f u l l  u n i t  o u t p u t .  
Again, convect ion pass  p r e s s u r e - p a r t  m o d i f i c a t i o n s  could  p o s s i b l y  r e s t o r e  such a 
u n i t  t o  f u l l  l o a d  c a p a b i l i t y  while f i r i n g  a CWM. 

Category C Unit--Box Type (Oil /Gas or Gas Only) 

A Category C u n i t  could be  s u b j e c t  t o  a c o n s i d e r a b l e  d e r a t i n g  i f  conver ted  
t o  c o a l  or CWM. The h o r i z o n t a l  convec t ion  passes  o f  such a u n i t  have closer 
tube-to- tubeside spac ings  than  t h o s e  of e i t h e r  C a t e g o r i e s  A or B b o i l e r s .  The 
most c r i t i c a l  d i s p a r i t y  l i e s  i n  the f u r n a c e  des ign .  A Category C u n i t  has  l i t t l e  
or no p r o v i s i o n  for a s h  c o l l e c t i o n  or removal, and t h e  furnace  is inadequate ly  
s i z e d  t o  reduce t h e  p o t e n t i a l  f o r  s l a g g i n g  a s s o c i a t e d  w i t h  c o a l  f i r i n g .  The hop- 
p e r  s l o p e  i s  very  sha l low (or  n o n e x i s t e n t ) ,  and t h e  lower furnace  t h r o a t  opening 
( i f  any) i s  minimal. Burner s p a c i n g s  are g e n e r a l l y  c l o s e ,  and t h e  d i s t a n c e  from 
t h e  lowes t  burner  l e v e l  t o  t h e  hopper  knuckle  (or t o  t h e  furnace  f l o o r )  is gen- 
e r a l l y  inadequate .  Both of  t h e s e  f e a t u r e s  r e s u l t  i n  a high furnace  s l a g g i n g  
p o t e n t i a l .  However, t h e  most c r i t i c a l  d e s i g n  l i m i t a t i o n  i n  e v a l u a t i n g  t h e  con- 
v e r s i o n  o f  a Category C u n i t  t o  f i r i n g  c o a l  or a coal-der ived f u e l  i s  t h e  inade-  
q u a t e  f u r n a c e  p l a n  a r e a .  M o d i f i c a t i o n s  t o  t h e  furnace  hopper and burner  p a t t e r n  
i n  many c a s e s  prove f e a s i b l e  and c a n  minimize d e r a t i n g .  This  is a l s o  o f t e n  t h e  
c a s e  w i t h  respac ing  of  t h e  convec t ion  p a s s e s ,  as was i n d i c a t e d  i n  t h e  prev ious  
d i s c u s s i o n  concerning a Category B u n i t .  
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However, furnace  p l a n  a r e a  enlargement  i s  not  f e a s i b l e  e i t h e r  p h y s i c a l l y  O r  
economical ly .  Thus t h e  d e r a t i n g  f o r  a Category C u n i t  i s  more s e v e r e  than  t h a t  
a s s o c i a t e d  with t h e  prev ious ly  d i s c u s s e d  b o i l e r  des igns .  Moreover, p ressure-par t  
modi f ica t ions ,  w i t h i n  t h e  realm of  t e c h n i c a l  and economic f e a s i b i l i t y ,  cannot  a l -  
l e v i a t e  t h e s e  load r e s t r i c t i o n s .  

Conversion P o t e n t i a l .  T y p i c a l l y ,  convers ion  of a Category C u n i t  t o  f i r i n g  
pulver ized  coa l  would i n v o l v e  a d e r a t i n g  t o  50 t o  60 percent  of d e s i g n  output  be- 
cause  o f  furnace and convec t ion  pass  d e s i g n  l i m i t a t i o n s  p r e v i o u s l y  i d e n t i f i e d .  
CUM p r e s e n t s  t h e  b e t t e r  convers ion  a l t e r n a t i v e  f o r  a Category C u n i t .  Because o f  
t h e  a s h  and s u l f u r  r e d u c t i o n  t h a t  o c c u r s  d u r i n g  t h e  f u e l  p r e p a r a t i o n  process ,  
s l a g g i n g  and f o u l i n g  p o t e n t i a l  i s  c o n s i d e r a b l y  reduced.  Even so, u n i t  ou tput  may 
be r e s t r i c t e d  t o  approximately 70 t o  80 p e r c e n t  of  d e s i g n  r a t i n g .  

Table  2 presents  a summary of  t h e  t y p i c a l  f e a s i b l e  u n i t  d e r a t i n g s  f o r  c o a l  and 
CWM and f o r  each type  b o i l e r .  

Table  2 Maximum Allowable Load, 4, 

Category 

A B C - - Fuel  

Coal 100 70 50 - 60 

CWM 100 80 - 90 70 - 80 

Balance-of-Plant C o n s i d e r a t i o n s  

The u t i l i z a t i o n  o f  e i t h e r  c o a l  o r  CWM i n  a b o i l e r  f u e l  convers ion  p r o j e c t  
s i g n i f i c a n t l y  a f f e c t s  t h e  r e q u i r e d  balance-of-plant  equipment ,  impact ing both  t h e  
c a p i t a l  c o s t  of t h e  convers ion  and t h e  s i t e  requi rements .  Each of  t h e  f u e l s  
s t u d i e d  has  been examined i n  terms o f  t h e  balance-of-plant  c o n s i d e r a t i o n s  a r i s i n g  
from a p o t e n t i a l  convers ion  p r o j e c t .  The scope and c o s t s  of  such equipment v a r y ,  
depending on t h e  o r i g i n a l  d e s i g n  f u e l  f o r  each s p e c i f i c  u n i t .  

Balance-of-plant  c o n s i d e r a t i o n s  must ,  a t  t h e  very  l eas t ,  inc lude :  

0 Refurbishment o f  coa l -handl ing  equipment ( i f  i t  e x i s t s )  

0 Fuel  handl ing  

0 Land requi rements  ( c o a l  yard  and a s h  d i s p o s a l )  

0 Fan systems 

I 
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e Ash c o l l e c t i o n ,  s t o r a g e ,  and removal systems 

F l y  ash c o l l e c t i o n  

0 FGD system. 

Compared wi th  t o t a l  p l a n t  convers ion  c o s t s ,  b o i l e r / i s l a n d - r e l a t e d  work i s  
approximately 10 t o  20 p e r c e n t  of  t h e  t o t a l  p r o j e c t  c o s t .  However, t h e  steam 
g e n e r a t o r  remains t h e  primary c o n s i d e r a t i o n  f o r  p o t e n t i a l  d e r a t i n g .  

ECONOMICS OF CONVERSION 

An e v a l u a t i o n  of t h e  c a p i t a l  expenses  vs .  t h e  f u e l  sav ings  of a p o t e n t i a l  
convers ion  p r o j e c t  i s  unique  t o  t h e  s team g e n e r a t o r  under c o n s i d e r a t i o n .  Some 
genera l  o b s e r v a t i o n s  r e g a r d i n g  t h e  e f f e c t  of  b a s i c  u n i t  d e s i g n  c r i t e r i a  and s i te  
c o n s i d e r a t i o n s  have been d i s c u s s e d .  Such g e n e r a l i t i e s  a r e  not  p o s s i b l e  regard ing  
t h e  s p e c i f i c  economics of a convers ion .  To provide  a n  i n d i c a t i o n  of t h e s e  eco- 
nomics, a s p e c i f i c  u n i t  h a s  been s e l e c t e d  as a t e s t  c a s e  f o r  comparison of con- 
v e r s i o n  t o  c o a l  o r  CUM. The a n a l y s i s  is s p e c i f i c  t o  t h a t  u n i t  bu t  t h e  methods 
w i l l  be common t o  any c o n v e r s i o n  p r o j e c t .  

The s e l e c t e d  Category B steam g e n e r a t o r  i s  a n a t u r a l - c i r c u l a t i o n ,  balanced-  
d r a f t ,  r e h e a t  u n i t  u t i l i z i n g  a p a r a l l e l  pass  gas  f low arrangement. The u n i t ,  
o r i g i n a l l y  des igned  t o  f i r e  o i l  as t h e  primary f u e l ,  could be  conver ted  t o  c o a l  
f i r i n g  i n  t h e  f u t u r e ,  because  of  t h e  r e l a t i v e l y  l a r g e  f u r n a c e  p l a n  a r e a ,  t h e  
l a c k  of lower f u r n a c e  r a d i a n t  s u p e r h e a t e r  s u r f a c e ,  and t h e  presence  of  a lower 
furnace  hopper  wi th  an adequate  a n g l e  of s lope .  

As discussed  earlier a u n i t  of t h i s  type--even wi th  t h e s e  d e s i g n  fea tures - -  
r e q u i r e s  some p r e s s u r e - p a r t  m o d i f i c a t i o n  t o  achieve  f u l l  load output  i f  con- 
v e r t e d  t o  c o a l  o r  CWM f i r i n g .  In t h i s  i n s t a n c e ,  t h e s e  m o d i f i c a t i o n s  c o n s i s t  o f :  

0 Some h o r i z o n t a l  convec t ion  s u r f a c e  respac ing  

e An upper furnace  r a d i a n t  s u p e r h e a t e r  i n s t a l l a t i o n  ( t o  reduce  furnace  e x i t  gas  
temper a t  u r  e ) 

e Burner  respacing.  

The c o s t  of  t h e s e  i t e m s ,  a l t h o u g h  h igh ,  is not  s u b s t a n t i a l  when compared 
wi th  t o t a l  p r o j e c t  c o s t s  o r  wi th  t h e  c o s t  of replacement  power purchased i n  t h e  
event  of  a d e r a t i n g .  

Table  3 summarizes an economic e v a l u a t i o n  of t h e  convers ion  a l t e r n a t i v e s  
be ing  considered.  S e v e r a l  c o n c l u s i o n s  are e v i d e n t  from a d e t a i l e d  review o f  t h e  
t a b l e :  

0 A s  i n d i c a t e d  p r e v i o u s l y ,  t h e  c o s t  o f  t h e  b o i l e r  m o d i f i c a t i o n s  necessary  t o  
avoid d e r a t i n g  of a u n i t  o f  t h i s  t y p e  i s  approximately 10 percent  o f  t o t a l  
convers ion  c o s t s  and i s  t h u s ,  i n  t h i s  c a s e ,  economical ly  j u s t i f i a b l e .  
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0 Both f u e l s  present  v i a b l e  convers ion  o p t i o n s ,  even i f  on ly  50 p e r c e n t  of  t h e  
accrued  f u e l  sav ings  a r e  recoverable  toward payback of  c a p i t a l  inves tment .  

The t o t a l  c a p i t a l  c o s t  of a convers ion  t o  p u l v e r i z e d  c o a l  i s  s i g n i f i c a n t l y  
h i g h e r  than  convers ion  t o  CWM, p r i m a r i l y  because o f  t h e  expense of a c o a l  
yard.  

Based on t h e  comparison of  benef i t - to -cos t  r a t i o s  of t h e  convers ion  f u e l s  con- 
s i d e r e d ,  CWM i s  t h e  more economical ly  j u s t i f i a b l e  convers ion  o p t i o n .  

e 

F o s t e r  Wheeler and i t s  fami ly  of  companies i s  d e d i c a t e d  t o  t h e  commercial- 
i z a t i o n  o f  CWM a s  a b o i l e r  f u e l ,  a s  evidenced by our  p a r t i c i p a t i o n  i n :  

0 B o i l e r  conversion d e s i g n  s t u d i e s  

e Burner  development 

e 

0 Fuel-product ion p l a n t  d e s i g n  

0 Small  u t i l i t y  convers ion  demonst ra t ion .  

Cos1 c l e a n i n g  and s l u r r y  p r e p a r a t i o n  

F o s t e r  Wheeler  v i e w s  CUM a s  o n e  o f  t h e  most  p r o m i s i n g  a l t e r n a t i v e s  t o  
f o r e i g n  o i l  dependence w h i l e  u s i n g  one of t h e  most abundant r e s o u r c e s  a v a i l a b l e  
i n  t h e  Western Hemisphere. 

\ 
\ 

1 

Figure I P o t e n t i a l  Problem Area. i n  R e c r o f i t t m g  an Oil-Pired Furnace t o  CUP F i r i n g  
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Table  3 Conversion Economics E v a l u a t i o n  

Fue 1 

Annual Fuel  Cos ts  

Annual F u e l  Savings 
(vs .  O i l )  

Recoverable  P o r t i o n  
of Savings  

L e v e l i z e d  Annual 
P r e s e n t  Worth of  
Recoverable  Savings  

C a p i t a l  Equiva len t  of 
Recoverable  Savings  

Conversion Cos ts  
Fuel  System 

B o i l e r  M o d i f i c a t i o n  

Ash Systems 

FGD System 

Tot  a1  
(W/O FGD) 

$ M i l l i o n  

Coal CWM 

39.1 70.1 

61.4 36.4 

3 3 . 1  18.2 

51.9 28.1 

259.5 140.5 

96.4 9 .3  

4.7 2.3 

18.4 16.2 

41.7 41.7 

161.2 69 .5  
(119.5) (27.8) 

C a p i t a l  Payback P e r i o d ,  y e a r s  3.1 
(W/O FGD) (2 .3)  

Benef it-to-Cos t Rat i o  
(W/O FGD) 

2 .5  
(1.0) 

1.6:1 2 : l  
( 2 . 2 : l )  ( 5 . 1 : l )  
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Symposium on Shape S e l e c t i v e  C a t a l y i s  and Syn thes i s  G a s  Chemistry. 

The Fuels  Div is ion  of t h e  American Chemical S o c i e t y  would l i k e  t o  
acknowledge t h e  generous f i n a n c i a l  suppor t  of t h e  fo l lowing  
i n s t i t u t i o n s  and co rpora t ions :  

A i r  P roducts  and Chemicals Inc .  
?unoco O i l  Company 
Chevron Research Company 
E. I. duPont de Nemours and Company 
Exxon Corpora t ion  
Mobil O i l  Corpora t ion  
Petroleum Research Fund 
P h i l l i p s  Petroleum Company 
S t r e m  Chemicals, Inc .  
Union Carbide Corporation 
W. R. Grace and Company 
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